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ON THE EXISTENCE OF DAILY CHANGES IN THE BACTERIAL 
NUMBERS IN AMERICAN SOIL 


H. G. THORNTON anp R. A. FISHER 
Rothamsted Experimental Station 


Received for publication May 6, 1926 


The changing numbers of the various groups of microdrganisms in a field 
soil must be a factor of vital importance to a proper understanding of the rela- 
tionship of these organisms to theirenvironment. It has long been known that 
the bacterial numbers are subject to seasonal changes. The numbers found at 
daily intervals has been studied recently by Cutler, Crump, and Sandon (2) 
at Rothamsted. These investigators found that in samples of soil taken at 
daily intervals from a plot on Barnfield, the bacterial counts obtained by the 
plate method showed striking variations from day to day. Before attributing 
these variations to true increases or decreases in the bacterial population 
counted, two possible sources of error must be considered. 

In the first place there is a necessary experimental error in making the 
counts. In the work referred to, the platings were made by different workers, 
but in tests that were conducted, no variation in the technique could be de- 
tected, the factor limiting the accuracy of the counts being in nearly all cases 
the random distribution of the bacteria in the diluted suspension (4). This 
factor, which is calculable, was wholly insufficient to account for the fluctua- 
tions. The second source of error arises from the fact that samples taken at 
daily intervals are also taken at intervals in space, so that before the results are 
attributed to changes in bacterial numbers over a period of time, the possibility 
that they represent uneven distribution of the bacterial population in space 
must be excluded. This was done (2) by taking, on three occasions, 4 simulta- 
neous samples from different parts of the plot. The counts obtained were in 
no case significantly different among the 4 samples. Furthermore, for 15 
consecutive days, duplicate samples were taken 6 yards apart and the similar 
fluctuations in bacterial numbers were found in the duplicate series (2, p. 338). 
This rules out the possibility of accounting for the fluctuations found in Barn- 
field as being due to uneven distribution of the bacteria over the plot. Similar 
daily fluctuations in bacterial counts were found on Broadbalk (1) but there 
was no evidence as to whether the phenomenon was a general one occurring 
in other districts and under different soil conditions. 

Recently, however, an important series of daily bacterial counts has been 
made at Washington, D.C., by Smith and Worden (6), who found fluctuations 
in the count from day to day. In this experiment, the plot selected was on a 
lawn, the sod of which was removed and the soil dug over. 
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The conditions were thus very different from those in the Rothamsted ex- 
periments. The method of sampling was also different, each count being 
made from a single core, instead of from a composite sample of 6 cores mixed 
together. Each day, however, the authors took 2 samples some distance 
apart and made separate counts from each, so that the influence on the results 
of the uneven distribution of the bacteria can be checked to some extent by 
comparing the variation in bacterial numbers between the 2 simultaneous 
samples with the difference found on consecutive days. The authors, on mak- 
ing such a comparison, concluded that the variation between simultaneous 
samples was greater than the fluctuations in the count from one day to the 
next. Their method of making this comparison is not valid, however, since 
they have compared the differences between individual simultaneous samples 
with day to day changes in the mean of 2 samples. Moreover, in sampling 
the plot, consecutive daily samples were taken from cores only 1 foot apart, 
whereas the 2 samples taken the same day were from spots several feet distant. 

From the authors’ data it is possible to make a decisive test of the reality 
of dav to day changes in this particular set of counts, for if the whole 
of the variation observed in successive counts were due either to local differ- 
ences or to the errors of random sampling, the two samples taken on the same 
day should show no positive correlation; indeed, since the simultaneous samples 
were taken from spots further apart than would be pairs chosen at random, 
a slight negative correlation should be anticipated. On the other hand, general 
changes in the bacterial numbers, affecting the whole plot, will tend to produce 
a positive correlation between simultaneous samples. If such a significant 
positive correlation between simultaneous samples exists, it excludes the pos- 
sibility of the fluctuating bacterial counts being entirely due to uneven distri- 
bution of the bacteria. The authors’ data are the more valuable because counts 
were made on 3 different media, namely, Lohnis’ soil extract agar (5), Waks- 
man’s egg albumen agar (8), and Thornton’s mineral salts agar (7). The 
counts on the first of these media from 32 pairs of samples taken between 
August 13 and September 19, show a positive correlation between simultaneous 
samples of +0.4955. The egg albumen agar was used for only 19 pairs of 
simultaneous samples taken between August 28 and September 19, which show 
a positive correlation of +0.5673. These two correlations must each be judged 
undoubtedly significant (3, p. 174). The mineral salts media was similar to that 
employed by Cutler, Crump, and Sandon for the Barnfield counts, though the 
temperature and period of incubation were different from those used at Roth- 
amsted. The results obtained on this medium are thus more nearly com- 
parable with the Barnfield counts. On it the 32 pairs of simultaneous counts 
obtained show a positive correlation of +0.7744. The probability against 
this occurring if the count differences were due to soil sample variation is about 
a million to one. Figures 1, 2, and 3 show the correlation between simultane- 
ous samples on the three media. The existence of this correlation proves 
that the daily changes in the counts cannot be ascribed merely to uneven dis- 
tribution of the bacteria within the area sampled. 
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The correlations stated above do not exclude the effect of slow changes in the 
bacterial numbers from the beginning to the end of the observations, changes 
to which Smith and Worden call attention, and which might perhaps properly 
be called seasonal. The authors have, therefore, recalculated the three 
values, eliminating a linear term representing the steady increase (or decrease) 
in the numbers (3, p. 171). The results show that the association between 
counts made on the same day is not to any large extent attributable to seasonal 
changes, but that there remain substantial and significant correlations when 
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the seasonal effect is eliminated. For the soil extract medium the correlation 
is reduced to +0.3808, a value which would occur by chance not more than 
once in 20 trials. For the egg albumen medium the correlation has risen to 
+0.6615 and for the mineral salts agar it has fallen to +0.7060, both these 
values being of quite unquestionable significance. 

In speaking of the counts published by Smith and Worden as affording con- 
firmation in American soil of continual changes similar to those observed at 
Rothamsted, it should be stated that we have never lost sight of the fact that 
systematic variations from day to day in the manipulative technique might 
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in many ways simulate actual variations in the bacterial population. In the 
case of the work at Rothamsted, the particular observations upon which our 
conclusions are based, as well as the whole body of comparable routine ob- 
servations, have been so thoroughly tested and confirmed as to leave no resi- 
duum of doubt as to the objective reality of the phenomenon. Obviously, in 
the case of work done elsewhere, we have no such direct evidence of uniform 
technique and we can only demonstrate the existence of day to day variations 
of the same type as those observed at Rothamsted, without excluding the 
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possibility that variations in technique may have contributed to, or may be 
responsible for, the variations observed. 

It is interesting that the closest correlation between counts from simulta- 
neous samples was found when the mineral salts medium was used. If the 
counts obtained on this medium from individual cores be plotted separately 
(fig. 4) it is seen how similar are the changes in numbers in different regions of 
the plot. The fluctuations are more apparent on this medium than on either 
of the other media. The authors are probably right in attributing this to the 
selective action of the mineral salts medium. When using the plate method 
there is never any question of obtaining total bacterial counts, because no single 
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: medium can possibly allow all physiological groups of the bacteria to develop. 
] Consequently the comparative number of colonies that develop from a soil 
plating on a given medium is no criterion of the value of that medium for in- 
vestigation. On the other hand it is essential to a satisfactory technique that 
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the agreement between parallel plates should justify the assumptions upon 
which the dilution method is based, as can be tested by calculating x? (4), 
and this agreement has so far been demonstrated only with the mineral salts 
agar. The greater number of colonies that appeared on the soil extract- 
medium probably indicates, as is suggested by Smith and Worden, that it is a 


258 H. G. THORNTON AND R. A. FISHER 


less selective medium than the mineral salts agar. For this reason it is less 
appropriate to the present type of investigation. It is unlikely that the 
numbers of all groups of bacteria fluctuate simultaneously. Some groups will 
increase while others will diminish in numbers. Consequently a selective 
medium is best suited to the study of these fluctuations because it diminishes 
the chance that a fall in the numbers of one group will be obscured on the 
plate counts by the increase of another group. 

The work of Smith and Worden thus indicates that daily fluctuations in the 
state of the bacterial population which are similar in type to those already 
found at Rothamsted, exist in American soil, and also that the fluctua- 
tions occur under widely different soil conditions. There can be little doubt 
that the phenomenon is of general occurrence. It is possible, however, that 
only under exceptional conditions will the soil be sufficiently uniform to permit 
of its easy detection. 
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Bacterial numbers from the duplicate samples separately plotted. (Smith and Worden’s 
data.) 


SUMMARY AND ABSTRACT 


The daily bacterial counts published by Smith and Worden show variations 
which cannot be explained by unequal distribution of bacteria in the soil, or 
by seasonal changes in bacterial numbers. 

On all three media employed by them, significant positive correlations in 
bacterial numbers between simultaneous samples were obtained. 

The similar daily fluctuations occurring in different parts of the plot show 
most clearly on Thornton’s mineral salts medium. 

Provided the manipulative technique of Smith and Worden was sufficiently 
uniform, the results afford evidence of the existence, in very different con- 
ditions, of fluctuations in bacterial numbers similar to those observed at 
Rothamsted. 
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STUDIES OF THE REMOVAL OF NUTRIENTS FROM SUBSOIL 
BY ALFALFA 


C. E. MILLAR! 


Michigan Agricultural Experiment Station 


Received for publication June 4, 1926 


Because of the deep rooting habit of alfalfa, frequent references have been 
made to the withdrawal of nutrients from the lower horizons of the soil profile 
by this crop. Insofar as the writer is aware, however, no data have been pre- 
sented which prove that alfalfa actually does remove nutrients from this 
portion of the soil profile. 

Alway, McDole, and Rost (1) found that inoculated alfalfa grew on certain 
subsoils of eastern Nebraska almost as luxuriantly as on the surface soils. On 
the other hand Harmer (2) found only two out of seven subsoils from Minnesota 
capable of producing as good a growth of inoculated alfalfa as the corresponding 
surface soils. It should be noted that the conditions of both these experi- 
ments were such as to allow the surface roots to absorb the nutrients. 

In his excellent review of studies of the root habits of alfalfa, Weaver (6) 
points out that the nature of the root system is greatly modified by soil, 
climatic conditions, and height of water table. Garver (3) found that variety, 
frequency of cutting, and thickness of stand were potent factors in determining 
the nature of the root system. Weaver’s own observations show that on fairly 
porous upland soils of not too restricted rainfall, the tap root is the main 
feature and that laterals below the first foot or eighteen inches are compara- 
tively few and very short. Ten Eyck (5) on the other hand reports the major 
portion of the fibrous roots below the four-foot level. 

The studies here reported were undertaken with the purpose of obtaining 
some definite information as to whether alfalfa, under the conditions of the 
experiment, actually does remove nutrients from the subsoil and further, 
whether it 1s capable of doing so when nutrients are added to the lower soil 
horizon. 


METHOD OF PROCEDURE 


The best method of procedure was considered to be one by which the roots 
could be restricted from ramifying in the surface soil without otherwise dis- 
turbing the plant. Glass cylinders about two inches in diameter and eignt 
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inches long, which could be slipped over the crowns of the smaller plants, 
seemed to offer the greatest possibility, for the following reasons: 


The amount of soil contained in the cylinder should offer minimum opportunity for nutrient 
absorption by the surface roots, especially since the water-retaining power of this small 
amount of soil would be so slight that it should be dried out very quickly after a rain. The 
glass walls of the cylinder would render impossible even the slightest trace of horizontal salt 
movement. The plants would thus be forced to rely on the nutrients which might be obtained 
through the lower portion of the root system, and the very small amount from the soil in the 
cylinders, or else draw on stored foods. The cylinder could be placed without any disturb- 
ance of the lower root systems. 


In the spring of 1923 when growth was starting, the soil to a depth of about 
nine inches was carefully removed from around a number of two-year-old 
alfalfa plants growing in Coloma loamy sand. Cylinders were carefully slipped 
over these plants, so as not to damage the shoots, and placed with their tops 
just below the bottom of the crowns of the plants. The soil was replaced 
around the cylinders and the cylinders themselves were filled with soil from a 
depth of about three feet in some cases and in others with surface soil. 

To determine whether nutrients added to the lower soil horizons would be 
absorbed and enhance plant growth, 500 cc. of Shive’s three-salt solution 
of double strength was added at depths of 18 inches and 36 inches respectively. 
The solution was delivered very close to the tap root through an iron pipe 
inserted to the proper depth in an auger hole. The nutrient solution was first 
applied early in the spring about the time growth started and the application 
was repeated after the first and second cuttings. For comparison other groups 
of plants, not fitted with glass cylinders, were treated with the solution at the 
same depths. Starting with the application after the second cutting in 1924 
the nutrient solution was made four times its usual strength, with the thought 
that possibly the quantities of salts in the double strength solution were not 
sufficjent to induce a maximum response in the plants. 

The growth from each plant was cut with shears, air-dried, and weighed 
individually, so that a complete record of the performance of each plant, 
cutting by cutting for a period of three years is available, with the exception 
of the second cutting in 1923, which was accidentally destroyed by a farm 
hand. 

In 1924 examination showed that in some cases the roots had grown out 
around the bottom of the cylinders and had then turned upward and ramified 
in the surface soil (plate 1, fig. 1). This upward growth might be interpreted 
as indicating either a more plentiful supply of nutrients or water or possibly 
both in the surface soil than in the lower soil horizons. Roots which had so 
developed in the surface horizon were cut off. 


DISCUSSION OF RESULTS OF PRELIMINARY EXPERIMENTS 


Since these experiments were preliminary and included only a small number 
of plants under each treatment, it seems advisable to give only the general 
indications suggested by the results. 
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When the plants surrounded with cylinders containing surface soil are used 
as a basis of comparison and when each cutting is considered separately, the 
data indicate that during 1923 and 1924 nutrient solution applied at a depth 
of 18 inches stimulated quite markedly the growth of plants in cylinders filled 
with subsoil. By 1925, however, 50 per cent of the plants so treated had died 
and the growth of the others was inferior to that of plants in cylinders filled 
with subsoil but receiving no solution. 

Strangely, plants not surrounded by cylinders but receiving solution at a 
depth of 18 inches did not show as much effect from the application, during 
the later cuttings in 1923 and 1924, as those surrounded by cylinders and 
receiving solution at the same depth. More of these plants lived through the 
season of 1925 but their growth wasnomore satisfactory than that of the plants 
in cylinders. 

Addition of nutrient solution at a depth of 36 inches to plants in cylinders 
filled with subsoil resulted in an increased growth in 1923, but seemed to be 
of no special value to the crop in 1924. Because of the very poor condition of 
these plants no yields were taken in 1925. 

Plants not in cylinders but receiving nutrient at a depth of 36 inches showed 
less influence from the treatment during 1923 than those in cylinders and 
receiving solution at the same depth. The second cutting of 1924 showed a 
gain, but for the other cuttings there was no advantage. 

In general it may be said that inclosure in cylinders and the consequent ex- 
clusion of roots from the surface soil did not appear to be detrimental to 
alfalfa plants. On the other hand there was more tendency for plants so 
inclosed to respond to applications of nutrient salts in the lower soil horizons. 


DISCUSSION OF RESULTS OF LATER EXPERIMENTS 


In 1924 several treatments were selected as being best suited to answer 
the questions in mind, and groups of plants receiving these treatments were 
brought into the experiment. In addition a group of plants receiving nutrient 
solution in a trench about 3 or 4 inches deep around each plant was added to 
the series. 

In compiling the data for the plants brought under treatment at this time, 
the yields from those plants not placed in cylinders and receiving no nutrient 
solution were taken as a basis for comparison. The data in table 1 give the 
percentage of each cutting as related to the corresponding cutting of the control 
plants. Since it was impossible to select plants of equal size for the various 
groups and since some plants winter killed, the first cutting each year is taken 
as a Starting point or basis of comparison for the other cuttings. 

The second cutting of the plants receiving solution at a depth of about 3 
inches bore a lower relation to its check than the first cutting to its check. The 
third cutting shows a negligible increase over the percentage for the first 
cutting. It is evident, therefore, that the addition of the solution has not 
increased the yield for 1924. In 1925 the second and third cuttings show a 
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marked increase over the corresponding cuttings of the untreated plants, 
which indicates a distinct benefit from the added nutrient. 

The plants not in cylinders but receiving solution at a depth of 36 inches show 
no influence of the treatment the first year. The second year, however, a 
distinct increase for the second and third cuttings 1s noted. 

Plants not surrounded by cylinders showed no influence of nutrient solution 
applied at a depth of 60 inches, until the third cutting of 1925 when a distinct 
increase in growth was noted. 

The first cutting of the plants in cylinders but receiving no solution was 
36.3 per cent of the first cutting of the untreated plants, indicating that the 
plants in cylinders were much the smaller. The second cutting was virtually 
the same percentage but the third cutting showed a considerable increase. 
In 1925 the second and third cuttings showed an appreciable gain in percentage 
growth over the corresponding cuttings of the untreated plants. These data 


TABLE 1 
Yield of air-dry tops from alfalfa plants 
The relation of each cutting to the corresponding cutting from the control plants 


1924 | 1925 

TREATMENT 7 | i SER { a 

First | Second | Third | First | Second | Third 

cutting | cutting | cutting | cutting } cutting cutting 

per cent | percent | percent | per cent per cent | per cent 

Solution at 3inches.................{ 111.7 | 96.5 | 113.9} 75.9 | 101.2 | 117.2 
Solution at 36 inches................. 89.1 | 81.3 86.7] 50.9) 66.7) 77.0 
Somitson at GOinches...................| 52:2 47.8) 49.2} 31.1 S04 | 37.2 
Plants in cylinders; no solution......... 36.3} 33.6] 49.9; 23.8] 36.9 44.8 


Plants in cylinders; solution at 36 inches 21.9} 43.9 40.0 7.8 15.4 | 13.6 
Plants in cylinders; solution at 60inches.| 43.4 | 53.1) 51.3| 27.4} 35.2 | 48.2 


indicate that the cylinders were not limiting the growth of the plants and that 
an adequate supply of nutrients was being obtained. Whether the source of 
supply was the subsoil is an open question, since no withdrawal of stored 
material could be measured. 

Plants in cylinders and receiving nutrient solution at a depth of 36 inches 
show a decided increase in percentage yield over the corresponding cuttings of 
the untreated plants, beginning with the first cutting each year. This indi- 
cates a decidedly beneficial effect of the solution, which agrees with the 1925 
results from the plants receiving solution at the same depth but not inclosed 
in cylinders, but disagrees with the results for 1924. 

Solution applied at a depth of 60 inches to plants in cylinders produced an 
appreciable increase in growth for the second and third cuttings for both years. 
This again does not agree with the results obtained when solution was applied 
at a similar depth to plants not in cylinders. 

It is interesting to note that although the above data indicate no restriction 
of growth as a result of preventing root development in the surface soil by 
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means of glass cylinders, the plants so treated showed a decided increase in 
growth as a result of applications of nutrient solution at depths of 36 inches and 
60 inches. Plants not inclosed in cylinders did not show such a definite 
response to additions of nutrients. 

The data from both sets of experiments seem to justify the conclusion that 
nutrient solution applied at depths of 18 inches, 36 inches, and 60 inches 
increased the growth of alfalfa, especially when the roots were excluded from 
the surface soil. These results indicate that the lower portion of the root 
systems are capable of absorbing nutrients in appreciable quantities. Excava- 
tion of several specimens showed that a large development of fibrous roots had 
occurred at the depth of application of the nutrient solution. Plate 1, figure 
2 shows this development in plants receiving nutrient at the 36-inch depth. 

Nutrient solution applied around the surface roots of the plants did not 
stimulate growth the first year, and during the second year the increase was 
not so great as one might expect. 


TABLE 2 
Growth records of alfalfa plants 
Weight of air-dry tops per cutting 


1923 1924 1925 
PLANT |___ 
NUMBER | First | Third First Second Third First Second Third 
| cutting | cutting cutting cutting cutting cutting cutting cutting 
gm. gm. gm. gm. gm. gm. gm. gm. 
1 26.9 13.0 1212 36.4 25533 10.4 11.2 3.0 
2 18.7 10.5 100.8 37.6 A a 31.0 20.6 13.2 
3 KJ! 0.6 31.0 1329 11.6 tS 7 11.6 4.0 
4 $2.0 | 28.9 14.9 19.0 8.1 3.4 
3 fac ees 6.4 | 6.3 4.1 7.9 5.4 239 
CGA a ear (gener = 178.1 | 73.0 44.6 161.8 33.0 | 22.0 


VARIATION IN GROWTH OF ALFALFA PLANTS 


The erratic behavior of individual plants is one point emphasized by these 
studies. As an illustration, the performance of several plants by cuttings is 
given in table 2. It is evident that if definite conclusions are to be drawn, 
studies of alfalfa (and probably the same is true of other plants, having large 
facilities for food storage) should include large numbers of plants. 


GROWTH OF ALFALFA PLANTS WITH ROOTS EXCLUDED FROM SURFACE 
15 INCHES OF SOIL 


In order to note the effect of yet more drastic treatment on the behavior of 
alfalfa, 2-inch glass cylinders 15 inches long were placed around seven plants. 
The cylinders were filled with quartz sand. The behavior of the plants under 
this extremely abnormal condition is shown in table 3. 
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It is interesting to note that notwithstanding the extremely adverse condi- 
tions under which these plants were placed, they all lived through the first 
year and until after the first cutting of the second year, when only one died. 
After the second cutting of 1924, another plant succumbed, all of the others 
living through the year. In the spring of 1925 only two plants were alive and 
these grew thriftily throughout the season. Whether the heavy mortality in 
the second year was due to a depletion of food reserves in the roots with a 
resulting decrease in size of root, increase in water content, and consequent 
susceptibility to winter injury as reported by Nelson (4) was not determined, 
but seems probable. 

It isa remarkable fact that two plants should live and produce three cuttings 
annually for three years under the conditions of the experiment. » It is evident 


TABLE 3 
Growth of alfalfa plants surrounded by glass cylinders 2 inches in diameter and 15 inches long 


Weight of air-dry tops for each cutting 


1923 1924 1925 
PLANT eS : eee ete — 
sass First Third First Second Third | First | Second | Third 
cutting cutting cutting cutting cutting | cutting cutting | cutting 
gm. gm. gm. gm. gm. gm. | gm. | gm. 
1 7.4 3.6 S22 20.5 18.3 | 
2 | £5 0.6 | 41.0 ones | 
3 | 18.4 2.5 4.4 2.8 een ven Se ieee 
4 9.5 5.1 51.9 35.7 i | 33a | 44 13.5 
5 7.6 3.8 11.8 «af 6.9 hs 
6 18.2 6.8 61.8 29.2 28.9 oe a re Ae 
7 6.2 2.3 47.9 29.9 19.7 58.8 14.6 12.5 


that nutrients must either have been absorbed from the lower soil horizons or 
else the plants were making use of stored reserves. From data which will 
appear in another paper, this latter suggestion seems very plausible. 


ABSORPTION OF WATER BY THE LOWER ROOT SYSTEM 


In working among the plants, the author noted that those which had been 
enclosed in cylinders the previous day showed no signs of wilting even during 
the hotter portions of the day. This seemed remarkable since the sand used 
for filling the cylinders contained only a small amount of moisture. To test 
still further their resistance to wilting, three plants were fitted with 8-inch 
cylinders and three with 15-inch cylinders filled with quartz sand. These 
operations were performed at 10:00 a.m. on May 4, which was a bright warm 
day. At 4:00 p.m. on the following day, which was also bright and warm, 
there were no signs of wilting. The conclusion is unavoidable that the lower 
roots were absorbing water at a sufficient rate to meet the transpiration re- 
quirement of the plants. 
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SUMMARY 


The placing of glass cylinders 2 inches in diameter and 8 inches long around 
alfalfa plants, thus excluding the roots from the surface soil, did not appear to 
decrease the growth of the plants as measured by the weight of air-dry tops. 
Three cuttings were taken for two successive years. 

Nutrient solution applied near the tap roots at various depths increased the 
growth of tops of plants inclosed in cylinders. Plants not having their root 
system restricted by cylinders showed little response to applications of nutrient 
solution. 

When nutrient solution was applied to the lower soil horizons a considerable 
development of fibrous roots occurred in the region of application. 

The plants under observation showed a great variation in behavior as meas- 
ured by individual cuttings. 

Five out of seven plants enclosed in glass cylinders 2 inches in diameter and 
15 inches long filled with quartz sand, lived for two years, three cuttings being 
taken each year. Two of the plants lived for three years. 

When plants with several inches of top growth were inclosed in 15-inch 
cylinders filled with dry quartz at 10:00 a.m. ona warm bright day, no evidence 
of wilting was apparent at 4:00 p.m. on the following day, which was also 
bright and warm. 
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PLATE 1 


Fic. 1. These roots grew out around the bottom of the 8-inch cylinders and then turned 
upward and ramified in the surface soil. 

Fic. 2. A large number of fibrous roots developed near the point of application of nutrient 
solution, at the 36-inch depth. 


THE MICROFLORA AND THE PRODUCTIVITY OF LEACHED AND 
NON-LEACHED ALKALI SOIL 


J. E. GREAVES! 
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The permanent reclamation of alkali soil rests upon the installation of 
underground drains and the leaching from the soil of the injurious constituents. 
The success of this method varies with the physical and chemical nature of the 
soil. With some soils it is a success whereas with others it is only a partial 
success or a total failure. Recent experiments show that these failures are 
due to the profound changes which the soluble salts have exerted on the com- 
position of the soil; which in turn has changed so profoundly the structure of the 
soil that leaching becomes impossible. Such a condition can be overcome only 
by a preliminary treatment. Some soils, even after leaching, remain barren 
or produce only meagre crops for a number of years. 

The non-productive period may be due to physical, chemical, or biological 
changes which have occurred within the soil because of its alkali content or the 
changes incidental to the leaching process. It is quite certain that the micro- 
flora would be profoundly influenced by the salt content of the soil. It is also 
reasonable to believe that considerable time would have to elapse after the 
leaching of such a soil before a normal active microflora would become es- 
tablished within it. The leaching of the soil would remove not only the in- 
jurious salts but considerable of the available plant-food. More plant-food 
would be rendered available only after the physical and chemical properties 
of the soil become suitable for bacterial growth and the soil became properly 
inoculated. Hence, this work was undertaken to determine the number of 
microorganisms, the biological changes occurring, and the productivity of 
natural and artificially leached and non-leached alkali soil which had been 
treated in various ways to re-establish its microflora. 


PLAN OF EXPERIMENT 


Two-gallon jars, provided with a half-inch hole near the lower edge were 
used. Into the holes were fitted rubber stoppers with glass tubes so that all 
drainage water could be collected, measured, and analyzed. A small quantity 
of glass wool was placed over the opening and the bottom of the jar was covered 


1 Valuable assistance in the analytical work was given by Professor Carter, Mr. Lund, 
Mr. Nelson, and Mr. Pulley. 
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to a depth of 2 inches with fine gravel. This was covered with a layer of glass 
wool. Sufficient soil to fill the pots was mixed with the requisite salts, packed 
into the pots, and the moisture content made to 20 per cent. Some pots 
contained untreated soil, others natural alkali soils, whereas still others con- 
tained synthetic alkalisoil. The salt treatments were as follows: 


12 pots were filled with the college farm soil untreated. 

12 pots were filled with the college farm soil plus 2 per cent sodium chloride. 

12 pots were filled with the college farm soil plus 2 per cent sodium sulfate. 

12 pots were filled with the college farm soil plus 2 per cent sodium carbonate. 

12 pots were filled with the college farm soil plus 1 per cent sodium chloride plus 1 per cent 
sodium sulfate. 

12 pots were filled with the college farm soil plus 1 per cent sodium chloride plus 1 per cent 
sodium carbonate. 

12 pots were filled with the college farm soil plus 1 per cent sodium sulfate plus 1 per cent 
sodium carbonate. 

12 pots were filled with the college farm soil plus 2/3 per cent each of sodium chloride, sodium 
sulfate, and sodium carbonate. 

12 pots were filled with Corinne soil in which sodium chloride was the predominating salt. 

12 pots were filled with Richland Acre soil in which sodium sulfate was the predominating salt. 

12 pots were filled with Benson soil in which sodium carbonate was the predominating salt. 


All of the soils stood for two months with a moisture content of 20 per cent 
before leaching so that the various reactions occurring because of the treat- 
ment would tend toward equilibrium. After this, six pots in each series were 
leached by keeping on them a “‘water head” as nearly constant as possible. 
All drain water was collected and analyzed. The results have been previously 
reported (6). 

At the end of the leaching period (640 days) the soils were sampled and an- 
alyzed as to numbers, ammonifying, nitrifying, and nitrogen-fixing powers. 
After sampling, the pots were treated as follows: 


Without further treatment two of the leached and two of the unleached pots from each 
series were seeded to crimson clover. Two of the leached and two of the unleached pots 
from each series received barnyard manure at the rate of fifteen tons per acre and were then 
seeded to crimson clover. Two of the leached and two of the unleached pots from each series 
received 50 cc. soil extract, which was made by shaking 100 gm. of a fertile soil in 1000 cc. 
of water, allowing it to settle, and then pippetting off 50 cc. The pots were then seeded to 
crimson clover. 


The plants including roots were harvested at the time of full bloom and total 
dry matter and percentage of nitrogen determined. The soil from each pot 
was then sampled and analyzed after which it was manured or inoculated 
with a water extract, as outlined above, and then seeded to barley. When 
ripe, the barley was harvested; the pots were resampled, retreated, and again 
seeded to barley. Hence, we have data on three samplings of the soil made at 
different times, and data on three crops—one of clover and two of barley. 
Four analyses were made on each sample of soil, hence, each result for numbers, 
ammonifying, nitrifying, and nitrogen-fixing powers represents the average 
of eight analyses made on two pots of soil receiving the same treatment. 
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COMPOSITION OF SOIL USED 
The work was conducted on four different soils: 


1. From the College Farm east of the Plant Industry Building. 
2. From Corinne. 

3. From Benson Ward. 

4. From Richland Acres. 


TABLE 1 
Physical composition of soils 
consTTUENT Cl 

per cent per cent per eent per cent 

Sarr ree eak cots ca ke ade aie een ea ee 36.6 17.5 42.5 4.8 
ree Bam tho) ite ai th a avers eeeyiie ote oe 30.6 173 20.9 29.6 
ROG RIN re cts ig Sec hetnrsvtsrcinare acai oeeisels 18.8 28.5 19.0 27.0 
1 ES | a 6.0 15.9 3.8 13.1 
RE BIE oats eee ie seine. se ean uaa se 2-3 32 23 10.2 
) CSE SERN COs MONT) ACETIC 3;9 7.4 6.1 9.4 
Moisture, soluble salts, and loss................ 22 8.1 5.4 5.9 


TABLE 2 
Leaching necessary to remove the greater portion of the soluble salt from the soil 


| DURATION | 
sol be SE | LEACHING sseuie 

PERIOD 

days liters 

College None 18 121 

College 2 per cent NaCl 49 84 

College 2 per cent NasCO; 274 140 

College 2 per cent NasSO, 29 175 

College 1 per cent NaCl plus 1 per cent Na2SO, 23 153 
College 1 per cent NaCl plus 1 per cent NagCO; | 640 

College 1 per cent NagSO, plus 1 per cent NazCO; | 203 85 

College 0.66 per cent each NaCl plus Na2SO, plus NazCO;| 199 240 

Corinne | 211 79 

Richland Acres | 38 94 

Benson Ward | 139 247 


Soil 1 was a good productive soil and was made unproductive by the addition 
of the salts listed above. Soils 2, 3, and 4 were natural alkali soils containing 
sufficient alkali to prevent the growth of all vegetation except a few salt- 
tolerant plants. The physical analyses of the four soils as determined by the 
Yoder (8) elutriator are given in table 1. 

Soils 1 and 3 are sandy loams, whereas soils 2 and 4 are fine sandy loams. 
These soils should be more difficult to leach than a sand and much less difficult 
than a tight or heavy clay. However, they approximate the composition of 
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many of our alkali soils. Hence the results obtained in this work should give a 
lead to what may be expected in the field with the various alkali soils. 

The soils were all leached until an analysis of the drain water indicated that 
the greater quantity of the soluble salts which could be removed by water had 
been washed from the soil. The time required and the quantity of water 
necessary to accomplish this, varied greatly with the different soils, as may be 
seen from the summarized results given in table 2. 

The water passed rapidly through the normal soil during the first 48 hours 
yielding an average hourly leaching of 24.4 cc. After this there was a slight 
decrease, but this soil readily leached throughout the duration of the experi- 
ment. Fora very short time the soil treated with 2 per cent sodium chloride 
leached readily, but it soon dropped to about one-third of the normal soil. 
The sodium-sulfate-treated soil leached more readily than did the untreated 
soil; whereas soil treated with sodium carbonate leached very slowly even at 


TABLE 3 
Recovery of salts from synthetic and natural alkali soils 


sig yuaaeiaiasi | NaCl NazSOx Na:COs 
“ais S52 2 fee | RECOVERED RECOVERED RECOVERED 
NaCl | Na2:SO, | Na:CO; | 
} | | gm. | per cent | gm. per cent | gm. | per cent 
180 | | | 128.9] 71.6 
| 180 | | 159.9] 88.8 
| 180 | 120.5) 66.9 
College................4] 90] | 90} 85.0) 94.5 | 22.0) 24.5 
90| 90) | 85.01 94.5 | 86.0] 95.6 
| 90; 90} | 83.0] 92.2 | 19.4) 21.6 
| | 60) 60} 54.8 91.3 | 58.6) 97.7 | 26.0) 43.3 
Rs ssacey ssn chs } |  |3ma} | 6.3 
Richland Acres.......... 12.7] 67.8 
Benson Ward........... 97.0 | 40.6 | 103.7 


first, and by the end of one year only 1 cc. an hour was passing through the soil. 
This soil and drain water soon became dark in color. The soil puddled greatly 
and shrank in volume so that it did not fill the containers. Apparently the 
granular structure had been broken down completely. Although the leaching 
was continued in the case of some of the soil for nearly two years, considerable 
of the salt still remained in the soil, as may be seen from the summarized results 
given in table 3. 

From 71.6 to 94.5 per cent of the chlorides, from 88.8 to 97.7 per cent of the 
sulfates, and only 21.6 to 66.9 per cent of the carbonates were recovered. 
Hence, in not a single case had all of the added salt been recovered although 
leaching had been as complete as was feasible without preliminary treatment. 


MICROFLORA AND PRODUCTIVITY OF ALKALI SOILS 


NUMBER OF BACTERIA 


The number of bacteria were determined by plating on modified synthetic 
agar having the following composition: 


1000 cc. of distilled water. 
10 gm. dextrose 
0.5 gm. dipotassium phosphate (K2HPO,) 
0.2 gm. magnesium sulfate (MgSO,) 
20 gm. powdered agar-agar 


Before sampling, all large masses were broken up and the soil was thoroughly 
mixed by shaking in the original container. One-hundred gram portions of 
the soil were weighed on sterile paper into 200 cc. of sterile water. This was 
shaken for one minute and 1 cc. of this suspension was transferred to 99 cc. of 
sterile water. The dilution was continued in 9 cc. of sterile water and plates 
were made so as to give dilutions of 1 to 20,000 and 1 to 200,000. They were 
incubated at 28°C. for seven days and then counted. Three sets of plates were 
made from each soil and the results averaged. Hence, each reported result 
represents six determinations made on the duplicate pots receiving the same 
treatment. ‘The average results for the chloride-treated soil are given in 
table 4. 

The determinations made in 1921 were on composite samples of the soil. 
The six pots in each series which had received the same treatment were sampled 
and composited. 

The leaching of the normal soil increased the bacterial content 24 per cent. 
This could not have come from the organisms carried in by the leach water 
for two reasons: first, the same water was used in irrigating the unleached 
soil, hence, its effect would have been the same on the microflora of both leached 
and unleached soils, second, it could not have been due to the soil retaining 
the microérganisms of the water used in leaching, as ordinary tap water, 
which is piped from a mountain spring, was used and repeated counts of the 
water during the leaching never showed a bacterial content of over 30 to each 
cubic centimeter. The increase could be due to the water breaking up the 
clumps of bacteria within the soil, under which condition the increase would be 
only apparent; or it might be due to a chemical or physical action upon the 
soil or its constituents which renders it more suitable to bacterial growth. 
The water may have removed chemical or biological substances which are 
inimical to bacterial growth. That this entity is a bacteriophage is a feasible 
explanation. 

The 2 per cent sodium chloride at the first sampling had reduced the bac- 
terial numbers to 54 per cent normal, but after this soil was leached, they 
increased 50 per cent. This is 26 per cent above the normal leached soil. 
The combination of sodium chloride and sodium sulfate slightly increased the 
numbers. Leaching of this soil increased the numbers to about the same extent 
as leaching of the sodium-chloride-treated soil. The combination of sodium 
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chloride and sodium carbonate is more toxic than sodium chloride and sodium 
sulfate or sodium chloride alone. This soil when leached contained seven 
times as many bacteria as the normal soil. The combination of the three salts 


TABLE 4 


Colonies developing upon synthetic agar from soil with and without chlorides 


TREATMENT 


COLONIES DEVELOPING IN 7 DAYS 


1921 july, 1922 ‘et. 
thousands | thousands | thousands 
SPOMEMECMI ORME foams gt occa Ca kona aera eee 2,573 3,300 | 2,250 
EES Ee] ES ea ae 3,182 3,500 |} 3,150 
Untreated soil leached + 15 T. manure.................. 3,150 1 5,180 
Untreated soil leached + soil extract.................... 3,100 | 6,100 
SER a VER ATE NN ois wis ow iin nie Sdn ow ei ciw male's 1,387 1,850 | 3,250 
Sont!--'2 Mer Gent Nal BERUNEM « 5.5.5 i .00 eo ss ese es aeiers 3,870 2,700 | 4,650 
Soil +- 2 per cent NaCl + 15 T. manure................. 1,500 | 3,900 
Soil + 2 per cent NaCl leached + 15 T. manure ; 4,550 | 4,450 
Soil + 2 per cent NaCl + soil extract................... 600 | 2,450 
Soil + 2 per cent NaCl leached + soil extract........... 5,650 | 6,350 
Soil + 1 per cent each NaCl and NaSQ,...............- 2,452 3,750 1,450 
Soil + 1 per cent each NaCl and Na2SQ, leached.......... 3,750 4,000 | 4,300 
Soil + 1 per cent each NaCl and Na2SQ, leached + 15 T. 

MRE re. ea oe oe ee ea ne Search eens 5,200 | 4,500 
Soil + 1 per cent each NaCl and Na»SO, leached + soil ex- 

ease ee on etnies Welwawbweswens Necsus wee eas 4,150 1,850 
Soil + 1 per cent each NaCl and Na,CO;................ 1,657 8,450 4,650 
Soil + 1 per cent each NaCl and Na,CO; leached........ 18,750 15,050 | 4,350 
Soil + 1 per cent each NaCl and Na,CO; leached + 15 T. 

DR or eR cones Ue hee es oe eee ebaa wae es 10,600 7,050 
Soil + 1 per cent each NaCl and Na,CO; leached + soil ex- 

SRN ee eA orl ge ae Sa hn ea bs rama sees 12,850 3,650 
Soil + 0.66 per cent each NaCl, NazSO4, NazCOg......... 3,042 10,250 | 2,600 
Soil + 0.66 per cent each NaCl, NazSO,, NazCOs, leached 7,200 9,450 2,650 
Soil + 0.66 per cent each NaCl, NazSO,, NazCO; leached + 

RPUAN SERIE ee nee he hop ues ena oooh bes cree 5,400 | 3,000 
Soil + 0.66 per cent each NaCl, NazSO,, Na2CO; leached + 

OU: a eee Sy re 9,200 | 2,100 
Corinne alkali soil................. ee he eure 220 600 | 1,800 
Corinne alkali soil + 15 T. manure Be ee ericts ie 300 1,250 
Corinne alkali soil leached eater OF een ee, See 885 3,150 5,450 
Corinne alkali soil leached + 15 T. manure. 2,700 1,950 
Corinne alkali soil leached + soil extract. 7,050 3,550 


stimulated, and when this was washed out the stimulation became even greater. 
The Corinne alkali soil contained fewer organisms than any of the synthetic 
alkali soils; there was only a quarter of a million whereas two years later there 


was nearly two millions—leaching increased the number 400 per cent. 
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The evidence is strong that this soil contains something which is limiting 
the number of bacteria within it, and that this limiting factor is removed by 
leaching or by small quantities of the alkali. The factor cannot be protozoa 
as they would not be washed from the soil as readily as the bacteria; it could 
be a filterable virus or a toxic product. It would have to be assumed that the 
virus is more readily washed from the soil than are the bacteria and that it is 
more sensitive to alkalies. It is readily conceivable that the limiting factor 
could be a bacterial poison which is removed by leaching, but it would have to be 
assumed that the various salts neutralize its toxicity. The bacterial numbers 
in the second sampling are usually higher than in the first or third. By using 
the normal unleached soil in each case as a basis, leaching may be seen to 
increase the bacterial numbers 20 per cent; leaching and manure, 140 per cent; 
and leaching the soil and soil extract, 67 per cent. Two per cent sodium 
chloride reduces the bacterial content to 92 per cent of normal, but leaching 
increases it to 30 per cent above normal. The manure, when applied to the 
soil containing sodium chloride, has little influence on numbers; but when 
applied to sodium-chloride-leached soil, increase the numbers 30 per cent over 
that receiving no manure. Soil extract applied to the alkali soil apparently 
retards, but applied to the leached soil, increases the numbers 41 per cent over 
the manure-treated soil. Similar relationships exist in the combinations of the 
salts, with the exception of the sodium carbonate. Here the manure and soil 
extract fail to increase the numbers. 

Although large variations occur in the numbers, it is safe to conclude that 
with this soil, leaching increases the bacterial content. ‘Two per cent sodium 
chloride greatly decreases the numbers, but a combination of the chloride 
with the sulfate or carbonate or with both increases the numbers. Judged by 
the number of bacteria developing on synthetic media, it would appear from 
these results that the extract from the fertile soil is just as effective in increasing 
the numbers of microérganisms as is barnyard manure. 

The results for the sulfates are given in table 5. Judged from the number of 
microdrganisms developing on synthetic media, sodium sulfate is not nearly so 
toxic as is sodium chloride, a conclusion which corresponds with the results 
obtained with the higher plants. The combination of sodium sulfate and 
sodium carbonate stimulates to an even greater extent than does the sodium- 
chloride-sodium-carbonate combination. Although the increase due to leach- 
ing is not so pronounced as it was in the sodium chloride treated soil, it un- 
mistakably manifests itself. 

The manure and soil extract when applied to the soil usually increase the 
bacterial numbers. In this regard the soil extract is again just as effective 
as is the organic manure. 

The results for the carbonate are given in table 6. 

Sodium carbonate is much more toxic than either of the other salts. Two 
per cent sodium chloride reduced the bacterial numbers 11 per cent and leach- 
ing increased them 38 per cent, as an average compared with the normal soil. 
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The average results for the sodium sulfate as compared with the normal soil 
are within experimental error. But the sodium carbonate treated soil shows a 
decrease of 24 per cent due to the carbonate and an increase of over 830 per 


TABLE 5 
Colonies developing upon synthetic agar from soil with and without sulfates 
COLONIES DEVELOPING IN 7 DAYS 
TREATMENT 
1921 July, 1922 ae 
thousands | thousands | thousands 
URINE 2c Coca ch aek ow nto ackssaewkcasosebl 2,573 3,300 2,250 
Oe | a cere 3,182 3,500 | 3,150 
Untreated soil leached + 15 T. manure.................. 3,150] 3,150 
Untreated soil leached + soil extract.................... 3,100 | 6,100 
Soil + 2 per cent Na2SO, UOT ee Ri ck hh he eweq 35005 2,350 | 2,200 
onl 4-2 per Gent Nass) teached ............5. 26 cee cccie ea 3,970 2,450 2,250 
Soil + 2 per cent Na2SO, + 15 T. manure............... 3,300 1,750 
Soil + 2 per cent NazSO, leached + 15 T. manure........ 3,500 | 3,200 
Soil + 2 per cent NasSO, + soil extract.................. 3,800 | 2,300 
Soil + 2 per cent NazSO, leached + soil extract.......... 3,800 | 2,200 
Soil + 1 per cent each Na2SO, and NaCl................. CARS PSY 4 3,750 1,450 
Soil + 1 per cent each Na,SO, and NaCl leached... is 8,400 4,000 4,300 
Soil + 1 per cent each Na,SO, and NaCl leached + 15 T. 

MN soe Slot rocok abet as eu e naan ends stan sie 5,200 | 4,500 
Soil + 1 per cent each Na2SO, and NaCl leached + soil ex- 

SUES ee he LG eae Mala a ie ONS REAR ESE Ee 4,150 | 4,850 
Soil + 1 per cent each Na,SO, and Na2CQ3............... 1,745 16,650 1,300 
Soil + 1 per cent each NazSO, and Na2CO; leached .| 8,100 13,800 1,800 
Soil + 1 per cent each Na,SO, and NazCO; leached + 15 T. 

MUMMIES se estan, 2 ere run Maron sm ewes Wiese Ses 19,500 | 2,200 
Soil + 1 per cent each NazSO, + NazCO; leached + soil ex- 

en rt kine eee nee ale eee Letra tas 2 ore 7,700 1,850 
Soil + 0.66 per cent each NaeSO,, NaCl, NazCOs......... 3,042 10,250 | 2,600 
Soil + 0.66 per cent each Na2SO4, NaCl, NazCO; leached. .]| 7,200 9,450 | 2,650 
Soil + 0.66 per cent each Na2SO,, NaCl, NazCO; leached + 

SCRUM Oeics Coins row ake seas ee once een 5,400 3,000 
Soil + 0.66 per cent each Na2SOy, NaCl, NazCO; leached + 

MR PRREII ST Oa, eS ee ak neta eu Ge ins NG 9, 200 2,100 
Richland acre alkali soil a SE tons ete rt desi sts 1,452 6,000 | 3,550 
Richland acre alkali soil + 15 T. manure a, Ge 14,550 | 2,200 
Richland acre alkali soil leached........................ 1,722 5,050 | 3,000 
Richland acre alkali soil leached + 15 T. manure........ 2,600 | 5,000 
Richland acre alkali soil leached + soil extract I eee 3,500 | 2,000 


cent due to the Jeaching. Hence, the numbers increase enormously after the 
salt is removed. This is surprising, for the soil after leaching is in very poor 
physical condition. Moreover, much of the organic matter and large quan- 
tities of the nitrogen have been removed. The readily available phosphorus 
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and potassium had been rendered soluble and leached from the soil (6). 
it would appear that both physica] and chemical conditions have been left 
less favorable for bacterial multiplication, yet the bacterial numbers greatly 


TABLE 6 


Colonies developing upon synthetic agar from soil with and without carbonates 
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Hence, 


COLONIES DEVELOPING IN 7 DAYS 


TREATMENT 
1921 | July, 1922 | August 
thousands | thousands | thousands 
LUTE E71 2513 3,300 | 2,250 
SEAR ala 00h ee codecs val cra rvany oan ain Wale sie aleress 3,182 3500" | . 3,150 
Soil leached + 15 T. manure... ............ccceeeeeeees 3,150 | 5,150 
GON NEACHEG =} BONO RINACE 25.5 )s is jo sree lesvrelehcewree aiecyreiier eee 3,100 | 6,100 
Sona Dinerscent NaC Os se coos den awidieleaaculesrs arenes 982 3,750 | 1,450 
Soil + 2 per cent NasCO; leached................05005. 11,000 | 10,650} 3,550 
Soil + 2 per cent NasCO; leached + 15 T. manure........ 18,250 | 2,600 
Soil + 2 per cent NaszCO; + 15 T. manure............... 5,100 | 2,050 
Soil + 2 per cent Na,CO, + soil extract................. 5,050 800 
Soil + 2 per cent NazCO, leached + soil extract.......... 15,000 | 4,300 
Soil ++ 1 per cent:each NayCO;, Na@l a... 6.03. scsicsiss ne 1,657 8,450 | 4,650 
Soil + 1 per cent each NasCOs3, NaCl leached. . -| 18,750 | 15,050 | 4,350 
Soil + 1 per cent each Na,CO;, NaCl siatend re 15 
CETTE TTT Rete aR ATOR BRIE Rao) ae 2a eae og ane eae © eR! 10,600 | 7,050 
Soil + 1 per cent each Na,CO;, NaCl leached + soil 
“1 |, EMRE ee eater es SUS LARS ODA 1 nee 12,850 ,650 
Soil + 1 per cent each NazCOs3, and NazSQ,.............. 1,745 16,650 | 1,300 
Soil + 1 per cent each NagCOs3, and NaeSO, leached....... 8,100 | 13,800 | 1,800 
Soil + 1 percent each NagCO3;, and NaySO, leached + 15 T. 
TABMVES cee oss Seas ae nek NAe Ts einta Mashed eacalie es ote 19,500 | 2,200 
Soil + 1 per cent each NagCO3, and Na2SQ, leached + soil 
“C0 | CE ROR Re RPRPR ETS RIPPER ACHR SIC CRT SERIE a ROTO EC We eR a 7,700 1,850 
Soil + 0.66 per cent each NazCO 3, NaCl, NaeSQy.......... 3,042 10,250 2,600 
Soil + 0.66 per cent each NagCO 3, NaCl, NaSQ, leached. . 7,200 9,450 | 2,650 
Soil + 0.66 per cent each NagCO3, NaCl, NazSO, leached + 
CEG, IRS TRINA eo OPC ge aa 5,400 | 3,000 
Soil + 0.66 per cent each NazCO3, NaCl, NazSO, leached + 
BOW ORUIBCE es sissies saucer ee (ae Ses MAREN weld Asa 9,200 | 2,100 
Die) en 3 ao Pg eg 40 610 150 
Benson aikausou +- 15) T. manure: 6 .ssks ccs aewiccsens 645 1,556 
MenSOn AKAM SOU NESCHER «0.6: sins ce Sea ear aes ewan s 267 1,755 | 2,100 
Benson alkali soil leached + 15 T. manure. ............. 1,020} 3,750 
Benson alkali soil + soil extract.................cecceeee 840 550 
Benson alkali soil leached + soil extract................. 1570 | 2,500 


increase. The most plausible explanation seems to be that there is within 
the soil some biological factor that is rendered inactive by the alkali, and when 
part of the alkali is removed by leaching, the bacteria multiply unhindered. 
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Moreover, all of the salt treatments give a great reduction at first, but after a 
time the number of organisms in the alkali treated soil becomes more numerous. 
This raises the very important question: Do the normal species develop into 
alkali resistant strains or is a different microflora developing within the soil? 
This must be answered by future work. 


AMMONIFICATION 


The ammonifying power of the soil was determined by weighing 100-gm. 
portions of the soil and 2 gm. of dried blood into sterile tumblers and covering 
them with petri dishes. The dried blood was thoroughly mixed with the soil 
by means of a sterile spatula and the water content made up to 18 per cent 
with sterile distilled water. The samples were incubated at 28° to 30°C. 
for 4 days and the ammonia was determined by transferring them to Kjeldahl 
flasks with 250 cc. of distilled water, adding 2 gm. of magnesium oxide, and 
distilling into 0.1N sulfuric acid. The determinations were all made in 
triplicate and compared with sterile blanks. Hence, each reported result 
represents the average of six determinations made on the duplicate pots. 
The average results for the chloride-treated soil, stated as milligrams of 
ammonia, recovered from 100 gm. of soil are given in table 7. 

The leaching of the normal soil increased its ammonifying powers 12 per 
cent. The stimulation is greatest at the time of the first sampling and had not 
fully disappeared at the end of two years. The manure produced no measur- 
able effect the first year, but the second year there was a gain in ammonia. 
The soil extract had no effect on the non-alkali soil. 

Two per cent sodium chloride reduced ammonification to 10 per cent of 
normal. The addition of manure or soil extract to the unleached soil had no 
influence. Leaching the soil brought it back to 85 per cent of normal, and 
the addition of manure to the leached soil restored it to its normal ammonifying 
efficiency. The soil extract was not as effective in this regard as was the 
manure. 

A mixture of sodium chloride and sodim sulfate is less toxic, measured in 
terms of ammonification, than is sodium chloride alone. Moreover, the leach- 
ing restores such a soil to its original ammonifying powers. The addition of 
soil extract or manure raises its ammonifying powers above the normal. Here 
also the manure is more efficient than is the soil extract. 

The mixture of sodium chloride and sodium carbonate is not as toxic as is 
the single salt; moreover, such a soil is more easily restored to its normal 
ammonifying powers. In restoring ammonifying efficiency soil extract and 
manure are about equally efficient. 

A mixture of the three salts is slightly more toxic than the two. Neither 
leaching, soil extract, nor manure, when used singly or in combination, fully 
restored the ammonifying powers of the soil. 

The Corinne alkali soil produced very little ammonia. The manure and 
soil extract were both without effect on the unleached soil. The leaching of 
the soil increased its ammonifying powers, which were still less than one-half 
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those of the non-alkali soil. At the end of two years neither manure nor soil 
extract had brought this soil up to a normal ammonifying efficiency. But 


TABLE 7 


the leached soil in the absence of treatment did not greatly increase in ammo- 


Ammonia found in soil with and without sodium chloride after 4 days’ incubation 


AMOUNT OF AMMONIA FOUND 


TREATMENT 
1921 July, 1922 hag. 
mgm. mgm. mgm. 
RUiinen tedster erate a0.2e oie dain eee su wiausacelss 89 91 66 
EFL Foc oc UR a ls ce ee 107 96 74 
Sondeached =— 15 T manure cs i566, 5.0j000s ae sanweswaews's 97 103 
Soi MCACHEd 1 SOM EREEACE 6.05 bis cdrssarewe-nelivieuce Rigas ess 90 81 
SOP tr eo UN CONG NAN cca. c5 cisss ae maui a eeewatad encores 10 8 9 
Soll =f 2 wer cen’ NACH leached. 62.5. hos.cs gana ee wea ais 65 59 84 
Soil + 2 per cent NaCl + 15 T. manure... 0.000... 9 9 
Soil + 2 per cent NaCl leached + 15 T. manure.......... 73 114 
Soil + 2 per cent NaCl + soil extract................... 9 13 
Soil + 2 per cent NaCl leached + soil extract............ 66 69 
Soil + 1 per cent each NaCl, NasSQy................---- 15 8 31 
Soil + 1 per cent each NaCl, NazSO, leached............. 94 106 74 
Soil + 1 per cent each NaCl, NaSO, leached + 15 T. 
NEN PUNANA RN 5 9s /5 as ashore vo ole 6 cued aoie wus le eaatara es erovencratan sates 150 102 
Soil + 1 per cent each NaCl, NaeSO, leached + soil 
OC 11 CoRR OR GOAT Soh Peep nr ee 112 83 
Soil + 1 per cent each NaCl, NazCO3...................- 45 2 32 
Soil + 1 per cent each NaCl, Na2CO; leached............. 70 49 118 
Soil + 1 per cent each NaCl, NazCO; leached + 15 T. 
Tee) 1c 0 «Se pa Rat er na esi Neier EAR Age a 70 113 
Soil + 1 per cent each NaCl, Na2CO; leached + soil 
7S CNE Poteet Seer OE TIDY NL AT TRL a ee a See nee ern 73 118 
Soil + 0.66 per cent each NaCl, NasSOu, NasCO3.......... 19 10 34 
Soil + 0.66 per cent each NaCl, NasSOg, NagCOs; leached. . 64 67 73 
Soil + 0.66 per cent each NaCl, NagSOu, Na2CO; leached + 
AD alle ARAANAAINS Behn: oe ary eo aie CSU Rats eh eal nabs Rees Sire eee 58 103 
Soil + 0.66 per cent each NaCl, NaeSO4, NazCO; leached + 
RGAE RINR Geo ae eae hii a nl oan atlrate Str otneeneie 62 70 
AC OTAGO BOY ca o..08 lees Sern otis develo tan bate duaeaia aes 2 2 5 
Corinne alkalisoil -- 15) T. Mane. .6cs. osc eedecieswens 1 6 
Cormne alia sou leached |... 6. 6 odes cS ee ewan cnteas 40 16 57 
Corinne alkali soil leached + 15 T. manure............... 32 89 
Corinne alkali soil +- soil extract....................000- 1 7 
Corinne alkali soil leached + soil extract................. 12 96 


reseeding of the soil with an appropriate microflora. 


of the soil, the soil extract was just as efficient as was the manure. 


nifying efliciency during the two years. In restoring the ammonifying powers 
The results 
indicate that one of the greatest benefits derived from the manure was the 


282 J. E. GREAVES 


The results for the sulfates are given in table 8. 


From the viewpoint of ammonification, sulfates evidently are not as toxic 
as are chlorides. Such a soil is more easily reclaimed, the mere leaching of the 


TABLE 8 


Ammonia found in soil with and without sodium sulfate after 4 days’ incubation 


AMOUNT OF AMMONIA FOUND 


TREATMENT 
1921 July, 1922 ~— 
mgm. mgm. mem. 
SMR EIONEES occa phie Doce e rune ons kee as pee ye 89 91 66 
MARIN hoo oe ons gin ch AUS Sas Uae ERR SS wee 107 96 74 
SD cS Ee Se i ie 97 103 
Ee ee oe CL crc 6 a a ee 90 81 
SOLES Ole ee gt (a a 22 43 63 
Soil + 2 per cent NassOj leached. .......5 0. 28 cecece 93 93 80 
Soil + 2 per cent NaeSQ, + 15 T. manure............... 47 73 
Soil + 2 per cent Na2SO, leached + 15 T. manure........ 118 113 
Soil + 2 per cent NazSO, + soil extract.................. 36 45 
Soil + 2 per cent Na2SO, leached + soil extract........ } 105 38 
Soil + 1 per cent each Na2SO,, NaCl................... 15 8 31 
Soil + 1 per cent each Na2SO,, NaCl leached............ 94 106 74 
Soil + 1 per cent each Na:SO4, NaCl leached + 15 T. 
SUNN cht eng a is weet ne Or a ana des 150 102 
Soil + 1 per cent ait, Nas 2SQx4, NaCl leached + soil 
extract Seen e re eRe Deine weiss Unite see On SS 112 83 
Soil + 1 per cent each OES CHET, 6, ( aan a ee 51 45 69 
Soil + 1 per cent each NazSO4, NazCO; leached........ 103 63 109 
Soil + 1 per cent each Na,SO4, Na2zCO; leached + 15 
RONNIE Ss 556255 0c dais sree peewee 69 130 
Soil + 1 per cent each Na2SO4, Na2,COz leached: + ont 
SEN Ccetrere hs ccliei ue cere seh snus saapeu ea 58 103 
Soil + 0.66 per cent sich Ni a2SO4, NaCl, NazCO3. , 19 9 34 
Soil + 0.66 per cent each Na,SO,, NaCl, NazCO; leached . 64 67 73 
Soil + 0.66 per cent each Na:SO,, NaCl, NazCO; leached +- 
15 T. manure FEE TSR SO ee ee 58 103 
Soil + 0.66 per cent each Na a2SOx, NaCl, NaC Oideached + 
OE Ee eer ener a one er 62 70 
Richland acre alkali soil 11 11 50 
Richland acre alkali soil + 15 T. manure 38 70 
Richland acre alkali soil leached (a Sane 24 29 66 
Richland acre alkali soil leached + 15 T. manure....... sz 86 
Richland acre alkali soil + soil extract Seen Rte ate 10 57 
Richland acre alkali soil leached + soil extract 24 42 


soil being sufficient to restore it to normal. Both the soil extract and the 


manure bring the leached soil to above normal. 


Moreover, the addition of 
the manure to the unleached soil is sufficient in some cases to restore the soil 
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to its normal ammonifying powers. This of course, is only temporary, and 
as the organic matter decays, the toxic properties of the salts reappear. 


TABLE 9 
Ammonia found in soil with and without sodium carbonate after 4 days’ incubation 


AMOUNT OF AMMONIA 
TREATMENT 
1921 | July, 1922 | August, 
mgm. mgm. mgm. 
(UPR Co LOC LS RS eR ern Pa rea 89.0 91.0 66.0 
ROM MORI 5 tise ioc nis asso hs Sie oa ls wae esse een aoe 107.0 96.0 74.0 
Salleacued +> 15. T. Manure... 6. 66s vii osaeesleeadeslewies 97.0 103.0 
SOM MGACHEd t= SOM ORUACE ic ce 0:2 <.c50ias5-0 01014 soisietiela welaielaiens 90.0 81.0 
ae ede ate af) CC rs 22.4 46.4 32.8 
Soil + 2 per cent NasCOsleached.................00000- 92.8 93.0 40.5 
Soil + 2 per cent Na,CO; + 15 T. manure............... 46.8 73.4 
Soil + 2 per cent NazCO; leached + 15 T. manure........ 118.9 112.5 
Soil + 2 per cent NagCOs + soil extract................. 35.9 42.7 
Soil + 2 per cent NazCOs leached + soil extract.......... 100.2 115.0 
Soil'-- 1 per cent each: NagOO;, NOC! «60.6605. cee cee 15.0 8.0 31.0 
Soil + 1 per cent each Na,CO;, NaCl leached............. 94.0 106.0 74.0 
Soil + 1 per cent each NazCO;, NaCl leached + 15 T. 
SANRTE oi02-snieg eos ewes ie wio sel Masia aeaiatea males 150.0 102.0 
Soil + 1 per cent each Na2CO;, NaCl leached + soil 
NARI roy Va hake sige aes oele STA OTS ae IE or Osa] eA SED Woe 112.0 83.0 
Soil +- 1 per cent each NasSQy, NazCO3...2...........6.. 51.0 45.0 69.0 
Soil + 1 per cent each Na,SQ,, NazCOs leached........... 103.0 63.0 109.0 
Soil + 1 per cent each Na2SO4, NazCOs leached + 15 
Me FORAYS URES 9, 5c cosas ba enters ie Goss aCe late es S Manteo ee 69.0 130.0 
Soil + 1 per cent each Na2SQy4, NazCO; leached + soil 
PMNS ata oie a atars aise, herersteae es cve icsera erat ote tater et oto o ral eoture 58.0 103.0 
Soil + 0.66 per cent each Na2SO,, NaCl, NazCO;......... 19.0 9.0 34.0 
Soil + 0.66 per cent each Na,SOQ,, NaCl, Na2COs; leached. . 64.0 67.0 73.0 
Soil + 0.66 per cent each NazSQu, NaCl, NazCO; leached + 
RU Ais SUMMER Sao aoa Sara 9i lever scotolaveiaewvo assalage aisusteieus or 58.0 103.0 
Soil + 0.66 per cent each NazSQ,, NaCl, NazCO; leached + 
NA re cia su ae ce enero acces oem ea eee wane 62.0 70.0 
USPS De HE) US ne ol a 8.8 10.7 12:7 
Benson alkali soil + 15 T. manure....................-- 24.0 16.5 
SCHR OCR MOT CO CHEE 655 /6\6 154 bye isis wie beiorels enedss 46.5 52.5 93.4 
Benson alkali soil leached + 15 T. manure............... 69.7 122.7 
Benson alkali Soil -- Soil Extract ....... 6... 6000's ec serve ave 8.2 12.4 
Benson alkali soil leached + soil extract................. $2.2 107.1 


The results are significant in that they are in keeping with those obtained 
when the plant is taken as the index. Moreover, it is the common experience 
that the sulfate alkali soil is more readily reclaimed than is the chloride. The 
natural alkali soil has a lower ammonifying power than has the artificially 
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produced, and is harder to reclaim. The artificial soil of this series is restored 
by leaching, but it requires both leaching and re-inoculation to restore the 
natural soil. 

The results for the carbonates are given in table 9. 

Sodium carbonate is more toxic to ammonifiers than is sodium sulfate, but 
is less toxic than is sodium chloride—2 per cent sodium chloride reduced ammo- 
nification to 10 per cent of normal, sodium carbonate to 41 per cent of normal, 
and sodium sulfate to 52 per cent of normal. Moreover, it is more easily 
returned to its normal ammonifying power than is the sodium chloride carrying 
soil. Both manure and soil extract are efficient in reseeding the leached soil. 
Moreover, it is interesting to note that the leached manure-treated soils shows a 
high ammonifying power, the alkali having a stimulating influence. All of 
these results are in direct accord with the results which were obtained by mixing 
the salt directly with the soil and then incubating (3). 


NITRIFICATION 


The nitrifying power of the soil was determined similarly to the ammonifying 
power, except that the samples in the former case were incubated for 21 days. 
The moisture content was made up weekly to the initial percentage and the 
nitric nitrogen determined as outlined elsewhere (5). The average results 
for the chloride-treated soil are given in table 10. 

The leaching of the soil increased nitrification 8 per cent. Hence, we find 
that the leaching of this fertile soil has increased the numbers, ammonification, 
and nitrification, thus showing that the water must remove some limiting 
factor in the bacterial growth in this soil. The addition of manure increases, 
whereas the addition of the soil extract decreases, nitrification. 

Two per cent of sodium chloride reduces nitrification to 12 per cent of normal. 
Both manure and soil extract are valueless when judged by nitrification. How- 
ever, the soil extract is more valuable than is the manure in restoring nitrifi- 
cation in the leached soil. 

As it is only after the soil has been leached and re-inoculated that nitrifica- 
tion is normal, these results would point to the conclusion that 2 per cent 
sodium chloride in a soil for some time not only inactivates the nitrifying 
organisms but actually destroys them. A combination of the two salts is just 
as toxic as is the single salt. The combination of the three salts is toxic at 
first but later decreases. Whether this is due to a chemical combination of 
the salts with soil constituents or whether the organisms become accustomed to 
the alkali salts cannot be decided from these results. They point to the con- 
clusion that alkali soil after leaching must be reseeded with the nitrifying 
organisms before high nitrification occurs. This may be accomplished by 
chance inoculation, which requires considerable time and is uncertain, or by 
the use of soil or barnyard manure. The latter not only carries the desired 
organisms but also improves the physical conditions. 
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During the first year, the sulfates are just as toxic as are the chlorides, 
with sulfates, the toxicity decreases during the second and third year even 
This raises the interesting 


where no treatment has been given to the soil. 


TABLE 10 


Nitric nitrogen produced in 100 gm. of soil during 21 days’ incubation with and without 


sodium chloride 
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TREATMENT 


AMOUNT OF NITRIC NITROGEN FOUND 


1921 | July, i922 | August, 
mgm. mem. mgm. 
EES CES, CE LC, (Sn RO 40.6 56.3 bs 4 
NORE os telaness pais ain ease oo ei lesa Sonate intel ORS 46.2 Be Be 62.0 
Son leacned = 49) 1 MARULE 5 eons: s:e wise sve wee view newwrelaceia's 53.2 109.5 
SOM UERCHEG -t HOMEREOEE ok. os'24 voor e bees ates eae eels 43.8 45.5 
SOR ot ZEN CONC NBC iii. i s.c.05 ss did os Mine cavsleeeeawiaiwsnaivins 5.6 9.5 15.7 
Soil-4- 2 percent NaCl leached ...3 5.5 sisi sieaecvediewace'e 3i5 41.6 50.4 
Soil +- 2 per cent NaCl + 15 T. manure................. 1.4 15.5 
Soil + 2 per cent NaCl leached + 15 T. manure.......... ee | 33.7 
Soil +- 2 per cent NaCl +- soil extract..............0000% | | 4.2 
Soil + 2 per cent NaCl leached + soil extract............ 54.2 60.2 
Soil + 1 per cent each NaCl, NasSQy...............-005- 1.4 9.8 5.2 
Soil + 1 per cent each NaCl, NasSQ, leached............. 41.3 66.5 36:5 
Soil + 1 per cent each NaCl, NazSO, leached + 15 T. 
BARNES oo 5 Jo los ia: Sins ais hs aw Va la Sle é oo esa erie ac wm lele wor ecahes 42.4 100.5 
Soil + 1 per cent each NaCl, NasSO, leached + soil 
MRM cee ears ieee eter tecciae neea eon oalanatay era 47.6 49.5 
Soil + 1 per cent each NaCl, NasCOs,..................- 4.9 4.5 ist 
Soil + 1 per cent each NaCl, NaCOs, leached............ 2.8 3.5 305 
Soil + 1 per cent each NaCl, NazCOs, leached + 15 T. 
SERRE risa ok aid Bie ole ie ore aks atn a Sta tate made asa enara cele eal aie 4.2 21.0 
Soil + 1 per cent each NaCl, Na,CO; leached + soil 
RNR ie sy rece teun co ontatevrs eicccrate Greve pater eamao eat SiS 2.8 2.8 
Soil + 0.66 per cent each NaCl, Na2SO4, NazCOs,......... 1.4 Bo a 23.8 
Soil + 0.66 per cent each NaCl, NaeSO,, NazCOs, leached 46.9 64.7 87.2 
Soil + 0.66 per cent each NaCl, Na2SO4, NazCOs, leached + 
Bee ERATOR GR oe aes close arse Sra oe hela ere mame Geeteays 74.2 72.8 
Soil + 0.66 per cent each NaCl, NazSOu, Na2CO; leached + 
PaO R re ei ecree ea arr ahg Maras alias Si epeveroley aes D Wtescke 73.2 59.6 
ROAR ERNE T ER 55 oo a oe FS hl sar Bora Noun 4.9 28 7.0 
Corinne alkali‘soil -- 15 T.. manure: .......0.5 668 cee ee ces S32 4.2 
(COANE BIR AIN SOM ICACHOG..... oc 6 6 cose be ose oie eels ees 24 13.3 tal 
Corinne alkali soil leached + 15 T. manure............... 13.8 38.5 
Corinne alkali soil + soil extract.................000008- 1.4 3.8 
Corrine alkali soil leached + soil extract................. 12.0 12.6 


question: Has there developed within the soil an alkali-resistant strain of the 
nitrifiers? ‘The mere leaching of the soil restores completely its nitrifying 
power, a thing which does not occur in the case of the chloride-carrying soil. 
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The addition of the soil extract has little value. 


TABLE 11 


This would be expected 
where the concentration of the alkali is not sufficient to destroy the nitrifying 
microflora. However, manure has a marked accelerating influence upon the 


Nitric nitrogen produced in 100 gm. of soil during 21 days’ incubation with and without sulfates 


AMOUNT OF NITRIC NITROGEN FOUND 


TREATMENT 
1921 | July,1922 | August, 
mgm. mgm. mgm. 
SUES 8 oo Wau ok eres Fete eae a wae Seew usec ee 40.6 56.3 33.2 
EPR MMMNS Peo eee ee eco ocean vee eee ewe 46.2 53.9 62.0 
ee Le oe be a a i 109.5 
SORE RISER 4 PONS RERUN oa oso ine os Sino 6:6 w Siw wie ise wie 43.8 45.5 
eS pea oS Ca a i 1.4 21.0 47.6 
Soil +- 2 per cent Na:SQ, leached....................... 47.6 41.3 56.0 
Soil + 2 per cent NasSO, + 15 T. manure............... 56.0 14.3 
Soil + 2 per cent Na,SQ, leached + 15 T. manure........ 63.0 98.7 
Soil + 2 per cent NazSO, + soil extract.................. 21.7 29.7 
Soil + 2 per cent Na2SO, leached + soil extract.......... 52.8 47.2 
Soil + 1 per cent each Na,SQy, NaCl.................... 1.4 9.8 5.2 
Soil + 1 per cent each Na,SQ,, NaCl leached............. 41.3 66.5 56.5 
Soil + 1 per cent each Na,SQy, NaCl leached + 15 T. 
PEP oe vo ics ei honor EER OES RE ERE Sel aii 42.4 100.5 
Soil + 1 per cent each Na,SQ,, NaCl leached + soil 
PEN tee cota scsork saat heusisS sre cabivkee aon 47.6 49.5 
Soil + 1 per cent each Na2SQy, Na2CO,................. 4.2 3.2 4.8 
Soil + 1 per cent each NazSO,, Na2CO; leached........... Ly 28 3.5 
Soil + 1 per cent each NazSO,y, NazCOs, leached + 15 
ERR. Cire s es cGd nad Soe SEWER Oa eo eS en eae ees 4.9 Yr 
Soil + 1 per cent each Na2SO,4, NazCOs, leached + soil 
PRR te bias EE CREA NSe Woe eke haba eney Sion 40.9 1.4 
Soil + 0.66 per cent each NazSOQ,, NaCl, Na,CO3.......... 1.4 33.5 23.8 
Soil + 0.66 per cent each Na,SO,, NaCl, NazCO; leached . 46.9 64.7 87.2 
Soil + 0.66 per cent each NazSOQy, NaCl, NazCO; leached + 
ey BONEN 605i ob aS Ss bn SawAwWeeels ue aeNudsses 74.2 72.8 
Soil + 0.66 per cent each Na,SO,, NaCl, Na,CO,; leached + 
RII eh Oe iene bb xb ea sb ck us oh poi ewe sees 13.2 59.6 
eT eae)" 9.1 17.5 16.0 
Richland acre alkali soil + 15 T. manure..... 7.0 27.0 
Richland acre alkali soil leached............ 5.9 10.9 19.3 
Richland acre alkali soil leached + 15 T. manure 6.0 26.9 
Richland acre alkali soil + soil extract.................. 25.2 1.2 
Richland acre alkali soil leached + soil extract 13.7 10.8 


nitrifying powers which probably comes from the improved physical condition 
of the soil, as it is apparent that aération is much better in the manured than 


in the unmanured soil. 


Sodium carbonate is more toxic when measured in terms of nitrification 
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than is either the chloride or the sulfate. The carbonate reduced nitrification 
to 7 per cent normal, the chloride to 12 per cent normal, and the sulfate to 47 
per cent normal. 

The percentage reduction of ammonification and nitrification for chlorides 
and sulfates is not far different, but the reduction of nitrification is much more 
pronounced in the presence of carbonates than is the reduction of ammonifica- 
tion. There are probably two factors involved: 1. Probably the nitrifying 
organisms are more sensitive to sodium carbonate than are the ammonifiers. 
2. The nitrifying process is strictly aerobic, whereas ammonification may 
proceed under either aerobic or anaerobic conditions, and soil which contains 
sodium carbonate is in a very poor state of tilth. 

Even after leaching, the soil shows very low nitrifying power. Neither the 
soil extract nor the manure is effective in restoring nitrification. It is evident 
that the soil must have some preliminary treatment before leaching and after- 
wards receive soil and manure—the first to inoculate, the second to improve 
tilth. 


NITROGEN FIXATION 


The nitrogen-fixing power of the soil was determined by the tumbler method. 
One-hundred-gram portions of the soil were weighed into sterile, covered 
tumblers. To each of these was added 1.5 gm. of lactose. This was carefully 
mixed and sufficient sterile distilled water added to bring the moisture up to 
18 per cent. Each soil together with sterile blanks was incubated for 21 days 
at 28 to 30°C. after which the nitrogen was determined by the Gunning method 
revised to include nitrates (5). In every case four or more determinations 
were made on the soil from each pot. Hence, the results as given in the tables 
are the averages of eight determinations made on two similarly treated pots. 
In table 13 the results are given for the sodium-chloride-treated soil. 

The direct leaching of the untreated soil has no measurable influence on the 
nitrogen-fixing power of the soil. The soil which had received 2 per cent 
sodium chloride and which was then leached showed increased nitrogen-fixing 
power. This is also true where the mixture of salts had been leached from the 
soil. The only fact which appears clear from these results is that the alkali- 
leached soil gains more rapidly in nitrogen when incubated than the untreated 
or alkali-containing soil. ‘There is no evidence that the nitrogen fixers had 
been destroyed in the synthetic soils by the alkalies, as with one exception no 
benefit was derived from the use of manure or soil extract. 

On the contrary, in the natural Corinne alkali soil, no gains of nitrogen were 
noted until this soil had been inoculated with soil extract containing the 
azotobacter. 

The determination made in 1921 showed a loss of nitrogen in the sodium- 
sulfate-treated soil. In every determination made later the alkali-containing 
and the leached soil showed unmistakable evidence of gains in nitrogen. This 
is true in both the natural and synthetic alkali soil. There is no evidence that 
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the soil extract or manure is beneficial. It is evident that the nitrogen fixers 
survive this concentration of alkali, and when the salt is removed function 
more rapidly than they did before, probably on account of the absence of 


TABLE 12 


Nitric nitrogen produced in 100 gm. of soil during 21 days’ incubation with and without 


sodium carbonate 


AMOUNT OF NITRIC NITROGEN FORMED 


TREATMENT 
1921 | July, 1922 | August, 
mem mgm. mgm. 
SReEMPOEM nee g ea aCe Mae ache ese ceeee 40.6 56.3 ae, 
PMMMIBEML Oe ae meat bk anc we web oka een ne 46.2 53.9 62.0 
ee a 53.2 109.5 
eee ee Oe 43.8 45.5 
ea ec La!) CC ae 6.3 0.7 o25 
Soil + 2 per cent NazCO; leached....................-. 24 2.4 Sa 
Soil + 2 per cent NazCO; + 15 T. manure Le 1.4 1.7 
Soil + 2 per cent Na2CO; leached + 15 T. manure 3.5 1.4 
Soil + 2 per cent NazCO; + soil extract................. 1.4 2.5 
Soil + 2 per cent NazCO; leached + soil extract......... 4.5 17 
Soil + 1 per cent each Na2CO;, NaCl.................... 4.9 4.5 | 
Soil + 1 per cent each Na2zCO;, NaCl leached............ 2.8 3:5 3.5 
Soil + 1 per cent each Na,CO;, NaCl leached + 15 T. 
NI Uke Ooch ath wipwisw wise eeieiedGeriwiaos's wap ace 4.2 21.0 
Soil + 1 per cent each Na,CO;, NaCl leached + soi 
DEORE Deo Ome eng es clk bis midis elastase eas 2.8 23 
Soil + 1 per cent each Na,CO;, NazSO,........ ee 4.2 3.2 4.8 
Soil + 1 per cent each NazCO;, Na2SO,, leached......... Ory 2.8 35 
Soil + 1 per cent each NazCO;, Na2SOy, leached + 15 
T. manure.. Tee RE REE R ae ie 4.9 74 
Soil + 1 per cent each NazCO;, Na,SO, leached + soil 
RN Ce cope aint nas ee kas Sie oS RS Rin eR a BONS BEERS 40.9 1.4 
Soil + 0.66 per cent each Na2CO;, NazSO, + NaCl 1.4 33.5 23.8 
Soil + 0.66 per cent each Na2COz, Na2SO, + NaCl leached. 46.9 64.7 87.2 
Soil + 0.66 per cent each NazCO;, NazSO,4 + NaCl leached. 
rene IEEE: Lies. acinis nod co Sabi 36s bums sau 74.2 72.8 
Soil + 0.66 per cent each NazCO;z, NazSO, leached + soil 
WN hs se sno Pee A oases wes eh eee wees 13.2 59.6 
ee er eee 2.8 Oe 17 
Benson alkali soil + 15 T. manure...... 2.4 1.0 
3enson alkali soil leached.................. 2.4 4.9 1.4 
3enson alkali soil leached + 15 T. manure.............. La 2.8 
Bensoil alkali soil + soil extract.... Sa Ne 1.4 4.5 
Benson alkali soil leached and soil extract | 32 


competitive microorganisms. The results for the carbonates are given in 


table 15. 


The sodium-carbonate-treated soil loses nitrogen about to the same extent 
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as the original soil, but when manure is added to such a soil the loss becomes 
very great, indicating a very perceptible denitrification. Such a soil, however, 
after being leached, although only 24 per cent of the carbonates had been 


TABLE 13 
Nitrogen fixed during 21 days in 100 gm. of soil to which had been added 1.5 per cent lactose with 
and without sodium chloride treatment 


AMOUNT OF NITROGEN FIXED 
TREATMENT 

1921 | July, 1922 | August, 

mgm. mgm. mgm. 
RR RRORURRIRGINS 6 isso hiss a ello ceteniarsis Ged eaonaidenaeeass —6.3 —0.8 10.5 
SL "270 112° Pg A 0.0 —12.4 223 
Sondeached-- 1S T. manure. s.i:.6.cscecansess eseleaest —4.4 325 
Sonmmeached + Somextrac’: 0%. \.6./.0.sla:s.clneoceekieoaseeewn —9.6 K PY 
SOR 2 er Olt NGO. 2... Soho RG bash ea wien —5.6 1.4] —4.4 
Soil'++ Z wer cent Nac leached ......0..oseacid eesineatees ce 2.8 4.2 2.3 
Soil + 2 per cent NaCl + 15 T. manure................. —16.4 —5.8 
Soil + 2 per cent NaCl leached + 15 T. manure.......... —2.3 10.3 
Soil'+- 2 per cent NaCl ++ soil extract...... 0.6. cesses ees. —8.5 —5.1 
Soil + 2 per cent NaCl leached + soil extract............ —9.2 —1.0 
Soil -+- 1 per cent each NaCl, NasSQy...........00000000- 4.0 —4.2 12.4 
Soil + 1 per cent each NaCl, Na:SQ, leached............. 9.8 | a 6.5 
Soil + 1 percent each NaCl, Na,SO, leached + 15 T. manure. —2.0 —1.4 
Soil + 1 per cent each NaCl, NazSO, + soil extract....... —0.1 323 
Soil + 1 per cent each NaCl, Na,COs................000: 5.6 —0.2 —3.3 
Soil + 1 per cent each NaCl, Na2CO; leached. . 3 11.2 5.8 8.9 
Soil + 1 per cent each NaCl, NazCO; leached + ry T. 

BEAM UAUG fo ors a oy fats ora vane iets mos fw hee wo a ele STON En es 13.8 re | 
Soil + 1 per cent each NaCl, NagCO; leached + soil 

NNN os acs ts 429 Ais aurea se ws ere eal RESO ae oes We Silat 3.6 1.8 
Soil + 0.66 per cent each NaCl, NazSO,, NaeCOs.......... 2.8 2.8 0.7 
Soil + 0.66 per cent each NaCl, NazSO,4, NazCO; leached. . 10.0 3.3 | | 
Soil + 0.66 per cent each NaCl, NaeSO4, NasCOs + 15 T. 

MAMMMREMNNS © ch12 56) stoic oS stance ig as. ea tere is anew Simihanencls wine eiwiclees So 13 
Soil + 0.66 per cent each NaCl, NazSO4, NazCOs + soil ex- 

RM Frey oreo ren 6 asco Gos TAS ALN So US OMEN 325 ee 
COTO E AU AMSON nef s55 58 dre ee SNe weleRe sarees 4.1 0.9 1.8 
Cormne alkali soil: +- 15: T. manure. <oo.6 66 cece vi sceeseiee —0.3 4.2 
Woraniie QIKaIN SOM MCRCHER 54... 54.5.5 skis dele easieesaisiewe'e’s 0.0 —1.8 0.3 
Corinne alkali soil leached + 15 T. manure............... —2.6 0.3 
Corinne alkali soil -}- soil extract... 5.6 66.0%6.0 sieice cease 9.9 22.4 
Corinne alkali soil leached + soil extract................. 1.4 1.0 


removed, fixed marked quantities of nitrogen. This is also true in the natural 
alkali soil, in which sodium carbonate has been present for years. It is evident 
from these results that the nitrogen-fixing organisms are very resistant to 
alkali, as was earlier found by the direct tumbler method (4). 

In order to obtain more definite information on this subject, leached and 
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unleached soils were inoculated into 100 cc. of Ashby solution, incubated 21 
days, and the nitrogen was determined. The average results of eight deter- 


minations made in 1923 are given in table 16. 


TABLE 14 


Nitrogen fixed during 21 days in 100 gm. of soil to which had been added 1.5 per cent lactose 


with and without sulfates 


IREATMENT 


AMOUNT OF NITROGEN FIXED 


1921 | July, 1922 —. 
mgm. mgm. mgm. 
IMG Cee CLC nL oLy oe eek kes Riek ee We somes —6.3 —0.8 10.5 
SNE Soho Gwe seas oes oe aan kOe Rese 0.0 —12.4 23 
te Ee oe Le! EA ee er ee ee —4.4 3.5 
eee cS cr: Se rere —9.6 $2 
SNe te BPE aT INONORS 5 oo sco ws sia eee sicciseuw sow ees —5.6 3.4 3.8 
Soil +- 2 per centNasSO, leached .............2...2.00000% 5.6 2.6 0.7 
Soil + 2 per cent Na,2SO, + 15 T. manure............... 6.1 0.5 
Soil + 2 per cent Na,SO, leached + 15 T. manure........ Ve) 4.8 
Soil + 2 per cent NazSO, + soil extract.................. 6.0 1.4 
Soil + 2 per cent NazSO, leached + soil extract.......... 2.0 2.8 
Soil + 1 per cent each Na,SQ,, NaCl.................... 7.0 —4.2 12.4 
Soil + 1 per cent each Na2SO,, NaCl leached... hes 9.8 We | 6.5 
Soil + 1 per cent each Na2SQ,4, NaCl leached + 15 x 
MIRE oc Speer ea cea eh an rea saeu con pesuek soa —2.0} -1.4 
Soil + 1 per cent each Na,SQ,, NaCl leached + soil 
SERRE reke pies ane eers bepuseureweunlees uae eeeees —0.1 a3 
Soil + 1 per cent each Na,SO,, Na2CO3.................. 0.7 —0.9| -—6.6 
Soil + 1 per cent each Na,SO,, Na2CO; leached........... 1.4 hs | 13.3 
Soil + 1 per cent each Na,SO,, Na,CO; leached + 15 
UME Force dow bose uasied ane cckecws cokn ssa s sees —0.6 8.3 
Soil + 1 per cent each Na,SO,, Na,CO; leached + soil 
EMR FON on eee enc Petia a ewes aieswiohiee Die 3.4 
Soil + 0.66 per cent each Na,SO,, NaCl, Na2zCO; ; 2.8 2.8 0.7 
Soil + 0.66 per cent each Na,SQ,, NaCl, Na2CO; leached. . 10.0 Bs | ie | 
Soil + 0.66 per cent each Na,SQ,, NaCl, NazCO, leached + 
Oe I ere a ey 20 V.3 
Soil + 0.66 per cent each NazSO,4, NaCl, Na,CO; leached + 
RRR eG yi ss seam aes eon uN eae baa wae sewed 3.0 339 
MND RC HERMES, «50 <5. 5.0'b cov vio 6 oad winds cle See wie 3.9 8.3 
Richland acre alkali soil + 15 T. manure................. 1.9 7.9 
Richland acre alkali soil leached................0s000000. 6.1 4.2 
Richland acre alkali soil leached + 15 T. manure........ 1.1 7.4 
Richland acre alkali soil + soil extract Meee Nw bes 3.4 ee 
Richland acre alkali soil leached + soil extract 1.8 8.6 


All of these soils when seeded into Asby solution fixed measurable quantities 
of nitrogen, thus substantiating the conclusion previously published (3), 


that the nitrogen-fixing organisms are much more resistant to soil alkalies than 
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are either the ammonifiers or nitrifiers. The results are more concordant with 
the solution than with the soil. It is significant that the leached soil invariably 
fixes more nitrogen than does the unleached soil. The fixation in the untreated 


TABLE 15 


Nitrogen fixed during 21 days in 100 gm. of soil to which had been added 1.5 per cent lactose with 


and without sodium carbonate 


TREATMENT 


AMOUNT OF NITROGEN FIXED 


1921 | July,1922 | August, 
mgm. mgm. mgm. 
RO NCIC BONN tors aos Le iat eirewlniats ne eiaie ote ae smieds —6.3 —0.8 10.5 
OMNOAGHON oe cccsae sos wes Set Semen aaUbandeewwesieens 0.0 —12.4 2:3 
royce Carrel cree t Fab ome beat Be sy ee —4.4 35 
ore) LI ECEN 0 core UE Seta) 1 Ue) <1 oc) 2 nr —9.6 $2 
Soil 2 per COnt NaC go oii 6 Sisig scene xaeresewenre eds —4.8| -1.0 
Soil +- 2 per cent NasCO; leached ..................00000- 4.3 a 
Soil + 2 per cent NasCOs + 15 T. manure............... —31.0} —5.2 
Soil + 2 per cent NazCO; leached + 15 T. manure........ 3.6 8.3 
Soil + 2 per cent NasCOs + soil extract................. —1.8 2.8 
Soil + 2 per cent NazCO; leached + soil extract.......... 1.8 1.4 
Soil + 1 per cent each NazCOs, NaCl.................55- 5.6 —0.2| -—3.3 
Soil + 1 per cent each Na2CO;, NaCl leached............. 14:2 Ne: 8.9 
Soil + 1 per cent each Na2CO;, NaCl leached + 15 T. 
BVATNAE aoc ccnpcorss se cA ech peed k SS Seals Mio ers RAT 13.8 Sat 
Soil + 1 per cent each Na,CO;, NaCl leached + soil 
MRE Siiso hig reese aa es owe oad 4 arbor CLA Rw aaa OE 3.6 1.8 
Soil + 1 per cent each NasCOs, NasSQy...............4.- 0.7 —0.9 —6.6 
Soil + 1 per cent each NazCO;, NazSO, leached........... 1.4 hed 13.3 
Soil + 1 per cent each Na2CO;, NazSO, leached + 15 
Ts SUMMNNMNIS si eclipse oes Ma aan ale Seog ee oom a —0.6 8.3 
Soil + 1 per cent each NazCOs3, NasSO, leached + soil 
MATAR ick stecss ss creetans wk Winiaielara s-alarsie eoncerereiiein eae cte seins 922 3.4 
Soil + 0.66 per cent each Na2CO;, NaCl, NaeSQ,.......... 2.8 2.8 0.7 
Soil + 0.66 per cent each NagCO;, NaCl, Na2SO, leached. . 10.0 Ba. fa 
Soil + 0.66 per cent each NazCO;, NaCl, Na2SO, leached + 
DS Mis PIAA tesa ecru cee o sues ovine oo oie alee we eae wR ya 433 
Soil + 0.66 per cent each Na2CO;, NaCl, NaeSO, leached + 
oC) US CCC, no a RR eee a. 5.9 
RSE ASEM ca fave AS eR nando uevevare.a Tacha —0.9 —0.8 
Benson alkali soil + 15 T. manure................ce00-- —4.8 —2.3 
RASON DIAM SOM CACHED | 5.055. 0.2 e-< sea siuietwnwawcawes 5.1 3.6 
Benson alkali soil leached + 15 T. manure............... 11.0 7.0 
Penson aikal Gor -- Soll CxtTAct «.. ...60ciecice ede ee eae oie 0.4 0.9 
Benson alkali soil leached + soil extract................ 51 3.6 


and in the sodium-sulfate-treated leached soil is greater than in the natural 
soil. The fixation in the carbonate-containing soil is low but the results point 
clearly to the conclusion that nitrogen fixers survive this concentration of 
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alkali. Even the native alkali soil, in which the salts had been present for 
years readily induced nitrogen fixation after leaching. 

Characteristic azotobacter films occurred in Ashby solutions inoculated with 
leached and non-leached normal soil, in leached soil which had contained 
sodium sulfate, and in the natural sodium sulfate soil (Richland acre soil). 
In fact, the membrane formed earlier and was darker in the presence of sodium 
sulfate than in itsabsence. The azotobacter was recovered from the solutions 
producing typical membranes. Thus far the author has failed to recover 
azotobacter from the other soils. Hence the question arises: What are the 


TABLE 16 
Nitrogen fixed in 100 cc. Ashby solution in 21 days. Inoculated with 1 gm. soil, spring 1924 


cmd EXCESS FIXED 


TREATMENT oF —— BY LEACHED 

mgm. mgm. 

RUPEES coe eae, etic hoanieaea secs saan 8.38 

RMN hc wns auc bes baie obese alee eeaee 10.03 1.92 

PRN Sete MPM BMPR 2 21.216. n ow gia sis = oi wis a Wis Sisiclale nis a wineians 4.67 

Soul - 2 percent NaCl tearneg . «0. 2. e soins scsi ween 8.12 3.45 

ee ee on SONS CSE ere 6.39 

Soil ++ 2 per cent NasSOy leached ........ 2.0.2... .cccceeee 9.61 3:22 

Sen IRD oss iin is ow so wiooa'e dese dwen Se sacle Ae | 

Soil -+- 2 per cent NasCO; leached....................--.00- 3.36 2.25 

Soil + 1 per cent each NaCl, Na,SO,.. Passer aaah tate Ry | 

Soil + 1 per cent each NaCl, Na,SO, leached. ee oP eee 6.15 0.64 

Soil + 1 per cent each NaCl Na,SQy................222 ee at | 

Soil + 1 per cent each NaCl, Na2SQ, leached................. 4.33 1.82 

Soil + 1 per cent each NazSQy, NazCOg.................0005- 5.83 

Soil + 1 per cent each Na2SO,, NazCO; leached............... 8.49 2.66 

Soil + 0.66 per cent each NaCl, Na2SO4, NazCO;............. 6.07 

Soil + 0.66 per cent each NaCl, Na2SO,, Na2CO; leached...... 6.21 0.14 

Se RUN enc cis iss ban cs ween oor cleo wees 1.40 

(Cormemae Sika O0nl Mead «goose ccc cesses cesewans 1.42 0.02 

a MEER Cis os noe cwedesesegt ese evwsieesus 4.62 

Richland acre alkali soil leached ..............cccccccccceses 4.39 —0.23 

PEALE Rt bce s aclek oases Sa ee Oe w weenie 0.51 

oe ee ee a ee re 3.76 3.25 


organisms which are fixing nitrogen in these salt-containing soils? Is it possi- 
ble that the anaerobic species Clostridium play an important réle? 

In table 17 is given the percentage loss or gain of nitrogen from the various 
soils. The total nitrogen was determined in the soil of each pot at the end of 
the leaching period. This in each case was taken as 100. The total nitrogen 
was redetermined at the end of two years. In the first column is given the 
percentage loss or gain from the specific soil during the two years; in the second 
column is given the total nitrogen removed in the crop; and in the third is given 
the gross percentage gain or loss of nitrogen. In interpreting these results one 
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must remember that one crop was the legume, crimson clover. Nodules wer 
found on the clover grown on the untreated soil, on all of the soil which had 
received the soil extract, and on all of the soil containing the sulfates. In other 
words, the legume organisms were proved to be present in all of the soils which 
yielded positive tests for azotobacter. 

The untreated soil lost nearly ten per cent of its nitrogen, and even after 
allowance has been made for the nitrogen removed in the plant there is still a 
loss of 2.47 per cent of the total nitrogen. This is not experimental error, as 


TABLE 17 
Loss or gain of total nitrogen in pot 
Loss N 
OR GAIN OF] TOTAL N — — 
TREATMENT TOTAL N REMOVED IN OF 2 YEARS 
pec 2 2 CROPS IN SOIL 
AND CROP 
per cent per cent per cent 
Ryn SRA TORO od a Aa Sie a ais A Sow aroisdrtesarete Slnalens —9.50 98.1 —2.47 
Sih NIRA HAC ULICAEN on oe a8oa sic Wiese a tors iva otbsoa Dyaporscesdrayeratos —3.27 | 153.0 8.42 
Son 2 percent Nal: 666 ke Siete tance wa eeeneeas sana’. 5.07 5.07 
Soil 2 per cent NaC) leached. 6 o05.4c cue eciesieas news —2.90 99.9 9:39 
OH = ZiT CONL INA ISON) sicsec eens. d oseisiee dsaeeisione nets 5.66 8.1 6.29 
Soil + 2 per cent NasSQ, leached..................0005- 2.07 75.6 8.52 
SO p> PIOECONE IN ANC es ise oo: boons soca dass ewes vonins. Sales —17.98 —17.98 
Soil + 2 per cent NazCO; leached..................000-- 0.99 4.5 1.51 
Soil: lpericent‘each NaCl, NasSQ\..........05s20<c0se00s 0.66 0.66 
Soil + 1 per cent each NaCl NaSO, leached.............. 252 65.6 9.17 
Soil + 1 per cent each NaCl, Na,CO3.................05: 6.90 6.90 
Soil + 1 per cent each NaCl, NasCOs leached ............ 3.07 6.4 4.32 
Soil + 1 per cent each Na2SQ,, Na2COs..............205- 3.63 3.63 
Soil + 1 per cent each NazSO,, NazCOs leached........... —9.23 3.6 —8.62 
Soil + 0.66 per cent each NaCl, Na2SO,, Na2CO3.......... 122 ‘Ze 
Soil + 0.66 per cent each NaCl, Na2SO,, Na2CO; leached. . 19527 24.0 12.81 
MOG TARTE A OUUCOONN Bec. ore env Sale Si. sia mais ere we IASON 7.07 7.07 
CGTADHG ALAN GOUIOOCHED 5c 5.5 5550,5 60a oa Sadelsinton ae Wa eee sy fee i | 10.8 18.77 
RICMANG ONO BOLE six sinc r esa aoeinmisd ed womtidwiesies 208 0.9 2.80 
Richland acre woul leached), «0 ois 5 cise vies ¥accsses onan ve 11.09 0.9 11.12 
SOOT ICD, LEG SSE Bt Po aS eg 2.61 2.61 
BCH SOT INO PA COR G55. s0'esia iy o3:0 00 o vivis We be oes 34.53 5.4 36.30 


each sampling was thorough, and represented the nitrogen in thes oil. More- 
over it manifested itself in the duplicate pots and would have to’ be recorded 
as an unknown loss, possibly denitrification. Only two other soils showed a 
loss, the one receiving sodium carbonate and the one receiving a mixture of 
sodium carbonate and sodium sulfate. In all but two cases the leached soil 
gained in nitrogen faster than did the unleached and in the case of the native 
alkali soil the gain was great. 

In table 18 is given an inventory of the nitrogen of the various soils, cal- 
culated as pounds per acre. 
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Every soil except three registered a gain in total nitrogen, and all except 
five showed an actual gain in the soil. The leached in nearly every case made 
greater gains than did the unleached. The soil in which there was a mixture 
of the three salts gained more than did any of the other soils. The native 
alkali soil when leached, gained nitrogen rapidly. This was greatest where 
the predominating alkali was sodium carbonate and least where it was sodium 
sulfate. These results are significant in showing that alkali does actually 


TABLE 18 
Weight of total nitrogen in each acre 
LOSS THROUGH LEACHING TOTAL 
LOSS OR 
TREATMENT Peo ~ Calculated osotL 

difference | recc 7 = mresci r= 
pounds pounds pounds pounds 
DAR MEREENIN CS Oren GeO w ose Oke 5,397 —512 
TY a a ear 5,040 —357 —48 —165 
Beg Cok SG a ee pee aera 5,040 256 
2 per Cent NaC leaned |... 6.0.2.5 sss cesses 4,839 | —201 —223 —140 
MEK MI NO 6s sia iornin'n oo die ciel > Ale aN NS 5,090 288 
2 per Cent NassO, leached. ...........550s000000 4,687 — 403 —112 97 
fe cn a. 0 (er 4,184 —752 
eg eS ON 3,578 —606 — 1066 35 
1 per cent each NaCl, NasSQ,................ 4, 334 29 
1 per cent each NaCl, Na.SO, leached.......... 4,435 101 —199 112 
i per contveach NaCl NasCO)...............4.5 4,536 313 
1 per cent each NaCl Na,CO; leached..... 3,830 —706 —379 137 
1 per cent each Na,SQ,, Na2CO;.............. 4,662 169 
1 per cent each Na,SOx, NazCO; leached 4,133 —529 — 438 — 381 
0.66 per cent each NaCl, Na,SO,4, Na,CO; 4,536 327 

0.66 per cent each NaCl, Na2SOQ4, NazCO:, 

DORMER so cae aie oS es eke eee 4,385 —151 — 269 670 
SME IN eos oe cae ewes sis cies ewes 4,738 335 
eS 4,334 —404 — 134 770 
CS ee 10,764 298 
ee gc | ree 10,300 —4064 —90 1142 
DEMERS oan Sh Sie cui aa ase : 2,066 54 
Benson soil leached.................... ee 1,210 — 856 — 507 418 


cause a measurable gain of nitrogen in a soil and that the gain is in the same 
order as was found by the tumbler method. 

The soil was shoveled direct from the field into the pots, hence the first 
accurate knowledge we have of the nitrogen content of each pot is that given 
in the first column. This was obtained by a careful analysis of the soil of each 
individual pot made at the close of the leaching period. The results given 
in the second column represent the loss due to leaching. They are based on 
the assumption that the two soils, leached and non-leached, contained soil 
of the same nitrogen content at the time they were put into the pots. 


1 ny uc SR dala 
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In column three is given the loss of nitrogen as calculated from the drain 
water. These two sets of results do not agree, nor should one expect them 
to for the following reasons: 


1. Nitrogen fixation may have been greater in the leached than in the non-leached; hence, 
the leach water may carry nitrogen although the soil registers no loss in total nitrogen. 

2. All of the nitrogen removed from the soil may not appear in the drain waters. The 
leaching soil filled with water has conditions ideal for denitrification, hence some of the 
nitrogen may disappear as gaseous nitrogen. 


It is evident from the results that leaching has carried from the soil con- 
siderable nitrogen. This is greatest, as would be expected, where sodium 
carbonate is present. 

The gain recorded in the second column where the sulfate and chloride were 
present should not be taken to indicate that no nitrogen was carried from the 
soil but that the gain due to fixation more than offset the loss due to leaching. 
Hence, the loss through leaching is the sum of the difference between the two 
soils plus the excess fixation in the leached soil. 

The results given in the fourth column represent the gain or loss of nitrogen 
from these soils during two years. They are based on analysis of representative 
samples made in 1921 and again in 1923, and calculated to the dry basis. 

It is certain from these results that some salts stimulate nitrogen fixation. 
The untreated soil registers a loss, whereas most of the alkali soils show a gain. 
The gain occurs in most cases more rapidly in the leached than in the non- 
leached soil, but even the alkali-containing soil shows measurable increases of 
nitrogen. The greatest gain is in the sulfate-containing soil. This is signifi- 
cant when it is recalled that it was from these soils that the azotobacter were 
recovered. Moreover it is clear that certain, as yet undetermined concentra- 
tions of various salts accelerate nitrogen fixation in soils. 


CROP YIELDS FROM SOIL 


The total dry weight and nitrogen in both the stalks and roots of the clover 
are given in table 19. Where no results are reported for a specific treatment 
it indicates that no crop grew on that soil. The results as reported are the 
averages for pots receiving the same treatment. 

The leaching of the soil increased the total dry matter in the clover tops 38 
per cent and in the roots 190 per cent. The total nitrogen is greatly increased, 
but the percentage of nitrogen in both roots and tops is decreased. The total 
dry matter is increased by both soil extract and manure over that in the 
leached soil; moreover, it is increased to the same extent by the soil extract 
as by the manure. 

The soil containing 2 per cent of sodium chloride produced no crop. After 
being leached and treated with farmyard manure, the crop nearly equals that 
produced by the original soil. Here the manure is more effective than the soil 
extract, probably because of its ability to combine with and neutralize to a 
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TABLE 19 


Weight of dry matter, total nitrogen, and percentage of nitrogen in clover roots and 


tops on various alkali soils 


TREATMENT 


RU MRORREE Sho cu wkieas ckessKeeees wee 
RNIN OS, Pes 2 AL lone Sku bd bah eal 
Soil leached + 15 T. manure................. 
Soil leached + soil extract................... 
Soil +- 2 per cent NaCl, leached.............. 
Soil + 2 per cent NaCl, leached + 15 T. 


Soul +- 2 per cent NasSOg. ....... .. 22262. 2 eee. 
Soil + 2 per cent NazSO, leached............ 
Soil + 2 per cent Na2SO, + 15 T. manure.... 
Soil + 2 per cent Na,SQ, leached + 15 T. 
RINE. oe cs cusp ce xaos ee bun eases cnet 
Soil + 2 per cent NaeSQ, leached + soil 
ce Se ee Ae ee art te eee Tee Te 
Soil + 2 per cent Na,CO; leached............. 
Soil + 2 per cent Na,CO; leached + 15 T. 
ee ee ee eee 
Soil + 2 per cent Na,:CO; leached + soil 


Soil + 1 per cent each Na,SO,, NaCl leached. . 
Soil + 1 per cent each Na2SO,, NaCl leacehd + 
Ry AMINED oo SiccdsivicS wuss see acwe ee sneie's 
Soil + 1 per cent each Na,SQ,, NaCl leached + 
CUI 0 EE Reg ee ean Serene errr: 
Soil + 1 per cent each Na,CO;, NaCl leached 
Soil + 1 per cent each Na,CO;, NaClleached + 
gy St ae eine 
Soil + 1 per cent each NazCO;, NaClleached + 
SPMD sacctcsassocavnornaaewvexaweee 
Soil + 1 per cent each Na,SO,4, NazCO; leached 
ONO Locka dcawsrsucadesned 
Soil + 1 per cent each Na,SO,, Na2CO; leached 
et aE ea ee 
Soil + 0.66 per cent each NazCO3, Na,SO,, NaCl 
LR ees ene een eee 
Soil + 0.66 per cent each NazCO;, NazSO,, NaCl 
leached -+- 15 T. manure................05; 
Soil + 0.66 per cent each NazCO;, NazSO,, NaCl 
SOUCRIOD 44> ON) CKUNROE «o.oo ss ovens cecuas 
Corinne alkali soil leached.................... 


ROOTS TOPS 

Weight Total Total Weight Tota! Total 
dry r r y bs 1 
ante: N N atin N N 
pre parnae aide pee beaet mgm. 
16.38] 2.93 ao0'4 2.25 1 ZO 56 
22:65) 2.73 618 | 6.40 | 2.16 138 
27.74] 2.76 | 766 | 5.26 | 2.36 124 
28.26} 2.80 791 | 4.91 | 2.13 105 
13.99} 3.10 434 | 2.86 | 2.46 70 
15.20) 3:25 493 | 3.11 | 2.67 83 
10.50) 3.84 | 403 | 2.45 | 2.92 72 
0.24) 3.3 8 

17.55] 2.82 495 1 3.35 | 2.21 74 
4.77| 3.37 161 1) 2.57 | 2:58 66 
19.47} 3.48 3304 1.73 1 2:61 45 
19.65} 3.92 770 | 1.06 | 2.60 28 
0.27) 3.41 97 O12 13.22 4 
1.69} 4.56 76 | 0.74 | 2.51 19 
0.73) 4.58 33 | 0.22 | 3.40 8 
9.02} 3.71 334 | 0.92 | 2.88 27 
7.96] 3.47 276.4 1.127 3.01 34 
16.85] 3.03 511 | 2.36-1 2.52 60 
0.01) 5.35 

6.63) 2.59 172 | 4.42 | 2.46 109 
0.61] 4.70 29 | 0.40 | 2.80 11 
3.50} 4.10 144 | 0.42 | 3.06 13 
0.80} 4.07 33 | 0.38 | 2.70 10 
1.80) 4.34 78 | 0.40 | 3.62 15 
6.88] 3.27 225 | 0.69 | 2.49 17 
3.35] 4.01 134 | 0.45 | 2.01 9 
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TABLE 19—Continued 


ROOTS TOPS 
en Weight Total | Total Weight Total | Total 
ih. N N A N N 
mgm, | percent | mgm. mgm. | percent| mgm. 
Corinne alkali soil leached + 15 T. manure....| 7.14] 2.80] 200 | 0.36 | 2.11 8 
FRSCHIDTI ACEC SOU |..:... cisa-c cis asia 6-85 slew ccece ales 0.59} 2.89 171 
Richland acre soil + 15 T. manure............ 0.41) 3.59 15 
Richland acre soil leached.................... 0.07] 4.38 3 
Richland acre soil leached + 15 T. manure....| 0.20] 4.81 9 
Benson alkali soil leached.................... 0.35] 2.08 7 
Benson alkali soil leached + 15 T. manure....| 2.40] 3.97 95 
Benson alkali soil leached + soil extract....... 0.26] 2.85 7 


limited extent the soluble salts. The percentage of nitrogen in the plants 
grown on the alkali soil is considerably higher than that in the plants grown 
on the normal soil. 

The sodium-sulfate-carrying soil produced only one weak plant, but when 
this same soil received 15 tons of manure it produced only one-fourth as much 
as the normal soil. The leaching of the soil brought it back tonormal. Leach- 
ing and the addition of manure increase the crop to above normal. Here also 
there is an increase in the percentage of nitrogen in the plants due to the alkali. 

The sodium-carbonate-treated soil produced no crop even after leaching, 
and it was meager even after manure had been applied to the soil. 

The mixture of sodium chloride and sodium sulfate prevented all growth, and 
leaching was ineffective in bringing it back to normal. The manure and soil 
extract, however, made the soil productive. Similar results were obtained 
where the mixture of the three salts was used. The results clearly indicate 
carbonate to be most toxic and sulfate least—the same order as was found for 
the bacteria. 

It is quite evident from these results that the natural alkali soil is much 
harder to reclaim than is the synthetic alkali soil. This is due to recognized 
physical and chemical differences in these soils, and these results indicate that 
there are also biological differences. 

The conclusions which seem warranted from these results are: 


1. Black alkali soil is very difficult to reclaim; in these experiments none of the black alkali 
soil was restored to producing normal yields, 2. Organic manures are essential in reclaiming 
alkali soil even where leaching is used. Furthermore some alkali-containing soils can be made 
to produce fair crops by the addition of manure. 3. Crops grown on alkali soil are higher in 
nitrogen than are those grown on non-alkali soil. 4. The dry matter in the clover tops was 
4.2 times that in the roots. 5. There was nearly five times as much nitrogen in the tops as 
in the roots. This is considerably higher in the hay than is the value reported by others (7). 


The average results for barley are given in table 20. 
In every case except two, the leached soil produced more barley than did 
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TABLE 20 


Weight of dry matter, total nitrogen, and percentage of nitrogen in straw and barley grain 
on the various alkali soils 


STRAW GRAIN 
TREATMENT — Total Total =" Total Total 
matter - . matter a 7 
mgm. | percent| mgm. mgm. | percent| mgm. 
SPERMS orn bat eae ae oc PERS 7.1 | 1.09 7 2s 12.95 51 
SE MINN Cs rire canine nese wie wanes 8 fe reves 7.4 10:92 65 1:31 2.18 68 
Soil leached + 15 T. manure................. 10.7 | 1.35 144 | 3.3 2.44 81 
Soil leached + soil extract................... 8.3 | 0.83 69} 1.9 | 2.31 44 
Onl 4-9 er, WeNt NANA, ces. o ese casas eas 6.4]2.16] 138]0.4 | 3.92 16 
Soil + 2 per cent NaCl leached.............../ 8.5 | 0.96 82 | 2.9 | 2.41 70 
Soil + 2 per cent NaCl + 15 T. manure...... 6.6] 1.86] 123] 1.0 | 3.28 33 
Soil + 2 per cent NaCl leached + 15 T. 

MERE No eG tice en IN ao ta aa ag 9.3} 1.07 100 | 4.2 45 103 
Soil + 2 per cent NaCl + soil extract.. 5.0 | 1.43 1212.0 78 56 
Soil + 2 per cent NaCl leached + soil ex- 

Rye, San ie resis ge ithe eR ONES 14:31 1.33] 19012.8 12.607 75 
Soil + 2 per cent NaeSQ,.............. ae 5:9.1 1.20 4212.8 12.46 61 
Soil + 2 per cent NasSO, leached............. 15:2 12.201 33242:8 13:42 87 
Soil 2 per cent NasSO, + 15 T. manure 16.5 12.20 | 341 13.2 | 3.46) fil 
Soil + 2 per cent Na2SO, leached + 15 T. 

MOREE Serre eC pSren SS Seo se kha ecie 17.8 | 1.68 | 299 | 2.4 | 2.76 66 
Soil + 2 per cent Na2SO, + soil extract 1559514069 4 2871223 13.18 73 
Soil + 2 per cent NasSO, leached + soil ex- 

UD ree ere Cun sy auwis wore aes 17.5 | 2.10} 368 | 2.6 | 2.85 74 
Soil + 2 per cent Na2CO; leached............ 2344-1.38 3210.2 | 3.56 rf 
Soil + 2 per cent NazCO; leached + 15 T. 

PP Core uate Act oe tw mws ceneseee 13:3 4 1.493 2271 2.3 2.81 65 
Soil + 2 per cent NazCO; leached + soil ex- 

eet ae Dine ceo Lisewiowas a we 6.44145 107 | 2.1 2.01 42 
Soil + 1 per cent each NaCl, Na2SOy..... 6.3:4/1.55 98} 1.2 | 2.92 35 
Soil + 1 per cent each NaCl, Na,SO, leached M2 4 3s 149 | 2.6 | 2.63 68 
Soil + 1 per cent each NaCl, Na,SO, leached + 

oe eee ree 9.3} 1.54 143 | 2.0 2.76 55 
Soil + 1 percent each NaCl, Na2SO,, leached + 

OD Sa ae te eee 7.4 | 0.90 C123 1247 61 
Soil + 1 per cent each NaCl, Na,CO, 1.6 | 2.24 3610.1 2.62 3 
Soil + 1 per cent each NaCl, Na,CO; leached 9.1) 1.45 132 | 0.6 3.23 19 
Soil + 1 percent each NaCl, Na,CO; leached + 

Joy En ee, ee 11.6 | 1.18 137 32:5 12:50 63 
Soil + 1 per cent each NaCl, NazCO; leached + 

re Seep eeTy eae 11.27] 0.93 105 | 3.6 2.25 80 
Soil + 1 per cent each Na,SO,, Na,CO; 3.2 13.47 101 
Soil + 1 per cent each NazSO4, NazCOzleached.| 1.7 | 1.35 2331.8 2.46 44 


Soil + 1 per cent each Na,SOy, NazCO, leached 
15 T. manure 
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TABLE 20—Continued 


STRAW GRAIN 
ee Weight Total | Total Weight Total | Total 
Pa N N we N N 
mgm. | percent| mgm. mgm. | percent| mgm. 
Soil + 1 per cent each NazSOx, NazCO; leached 
BOP RAPEIG LO A hose hh ce dlc or tet era ehstecn tortie 8.8 | 0.65 52 | 2.9 | 2.00 58 
Soil + 0.66 per cent each NaCl, NaeSOu, 
LOE, 6, CGE Nn ee A eae ee er 10.4 | 1.45 151) 2:4 12.43 58 
Soil + 0.66 per cent each NaCl, Na2SQ,, 
Mass, JEACBEG Ls. <6 -5:0:.06.0.5.5 010 3s.s00eowees 13:2 11.90] 249 13.3 2252 83 
Soil + 0.66 per cent each NaCl, NasSO,, 
NasCO; -- 1S T. ananure:......0666.0s6.00 5000 20.6} 1.99] 410] 1.2 | 3.46 42 
Soil + 0.66 per cent each NaCl, NaSO,, 
Nass 7 S01 CXUTACE. 3s... 656 eck wc dace es 5.8. | 2.91 302 | 3.9 2.60 101 
COmBNe Bona 6 oe ecasajcnines a een een elncises No crop 
Corinne soil + 15 T. manure................. $:0°) 1.32 | 10612.1 | 2.74 58 
ACOTIHHE SON MCACHER  .o5c5 65.4 .cec dae <eleidte aes 13:5] 1:45] 155°| 2:90") 2:46 71 
Corinne soil leached + 15 T. manure.......... 16:07) 2073 | 2A 227 2.22 60 
Corinne soll: ++ soll extract......... 6.6666 os aes 1.6 | 1.98 21 
Corinne soil leached + soil extract............ 15.4 | 2.90 | 447 
RECON AGO GON os 6c aise soca ode cciawdies Sen fa oe 1810-3. 13.37 10 
Richland acre soil + 15 T. manure............ Ore 230 220 1/09" 13232 30 
Richland acre soll leached........:..6...<.024..65+ 0.6 | 3.48 21 
Richland acre soil leached + 15 T. manure....| 9.5 | 2.48 | 236]0.6 | 2.92 18 
Richland acre soil + soil extract..............] 0.5 | 1.94 10 | 1.3 2.74 36 
Richland acre soil leached + soil extract...... Le | 1.68 1WO6c S52 | 2-65 85 
Ue Oe) CE a oe No crop 
Benson alkali soil + 15 T. manure............ No crop 
Benson alkali soilileached:..............0...0654.- 11.7) | O99) 116:)2:0) |} 2242 48 
Benson alkali soil leached + 15 T. manure....} 20.9 | 1.80 | 376|0.9 | 2.58 23 
Benson alkali soil + soil extract.............. No crop 
Benson alkali soil leached + soil extract.......] 22.6 | 1.13 | 255 | 3:3 |-2:65 87 


the unleached soil. There was also considerably more nitrogen removed in the 
grain from the leached than from the unleached soil. It is evident that the 
change produced in the bacterial activities of the soil by leaching is reflected 
inthecrop yields. This increase is augmented by the manure, but no beneficial 
effect can be attributed to the inoculation. In reality, the results point to a 
depression caused by the soil extract, thus seeming to indicate that the soil 
extract has carried back into the soil the limiting factor of bacterial activity 
and growth. 

Two per cent of sodium chloride retards but does not prevent plant growth. 
However, it does reduce the proportion of grain to straw and results in a straw 
and grain both of which are richer in nitrogen. Leaching increases the yield 
and reduces the percentage of nitrogen carried by the crop. Manure applied 
to the unleached soil has little value, but when applied to the leached soil is 
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TABLE 20 
Weight of dry matter, total nitrogen, and percentage of nitrogen in straw and barley grain 


on the various alkali soils 


STRAW GRAIN 
TREATMENT — Total Total _ Total Total 
matter i . matter 5 ie 
mgm. | percent| mgm. mgm. | percent| mgm. 
LONETS ST 7S ener oem 7.1 | 1.09 42a 1245 51 
NMR oer ie mwas io hipien ciate oan ies 7.1702 65 | 3.1 2.18 68 
Soil leached + 15 T. manure................. 10:7 1.1.35.) 144 13.3 12:44 81 
Soil leached + soil extract................. 8.3 | 0.83 6911.9 | 2.31 44 
Sor + 2 percent NaCl... 222. .0.0.+..2%- 6.4] 2.16] 138]0.4 | 3.92 16 
Soil + 2 per cent NaCl leached...............] 8.5 | 0.96 82 | 2.9 | 2.41 70 
Soil + 2 per cent NaCl + 15 T. manure..... 6.6] 1.86] 123] 1.0 | 3.28 33 
Soil + 2 per cent NaCl leached + 15 T. 

MED cons cos nase ones et Uaseaeuee sence 9.3} 1.07! 100} 4.2 45} 103 
Soil + 2 per cent NaCl + soil extract........ 5.0 | 1.43 72 | 2.0 | 2.78 56 
Soil + 2 per cent NaCl leached + soil ex- 

UR oe ee Se Ra erie Oe a ea 14.3 | 1.33 | 190] 2.8 | 2.67 75 
Soil +- 2 per cent Na,SQy.................... 5.9 | 1.20 W428 12416 61 
Soil + 2 per cent Na2SO, leached............ I5.14132.204 332 42.8 13.12 87 
Soil 2 per cent Na2SO, + 15 T. manure 15.5 | 2.20] 341]3.2 | 3.46] 111 
Soil + 2 per cent Na2SO, leached + 15 T. 

MNS occ obec eas ose Ses n outa Kes cae 17.8 | 1.68 | 299 | 2.4 2.76 66 
Soil + 2 per cent Na2sSO, + soil extract 15.5 11-35 287 | 2.3 3.18 73 
Soil + 2 per cent Na2SO, leached + soil ex- 

OS Ee eee ET Te Pee 17.5 | 2.10] 368] 2.6 | 2.85 74 
Soil + 2 per cent Na2CO; leached eee 2.4 | 1.33 3210.2 | 3.36 7 
Soil + 2 per cent Na,CO; leached + 15 T. 

ME eer et reo iinet Gauag heels OAS ee 3534 1.7% 224 | 2.3 2.81 65 
Soil + 2 per cent NazCO; leached + soil ex- 

MELE e ses berets oe echotkaden ses 6.211:575 1 107) 2.1 | 2.01 42 
Soil + 1 per cent each NaCl, Na2SO,........ 6.3 11.55 98 | 1.2 2.92 35 
Soil + 1 per cent each NaCl, Na,SO, leached. | 11.2 | 1.33 | 149 | 2.6 | 2.63 68 
Soil + 1 per cent each NaCl, Na2SO, leached + 

oe ee ee eee 9.3} 1.54] 143 | 2.0 | 2.76 55 
Soil + 1 percent each NaCl, Na2SO,, leached + 

REIN oases baer ow eb ie ase 7.4 | 0.90 67 | 2.8 As Bf 61 
Soil + 1 per cent each NaCl, NazCO;.. 1.6 | 2.24 36 | 0.1 2.62 3 
Soil + 1 per cent each NaCl, Na2CO; leached 9.1 | 1.45 132 | 0.6 | 3.23 19 
Soil + 1 percent each NaCl, NasCO; leached + 

EE ee ene 11.6 | 1.18 137 12:5 12.50 63 
Soil + 1 per cent each NaCl, NazCO,; leached + 

et a eee 11.27) 0.93 105 13.6 1 2:23 80 
Soil + 1 per cent each Na,SOy, NazCOz... 3.24 347 101 
Soil + 1 per cent each NazSO4, NazCO;leached.| 1.7 | 1.35 23} 1.8 | 2.46 44 


Soil + 1 per cent each Na,SOy, NazCO, leached 
15 T. manure 
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TABLE 20—Continued 


STRAW GRAIN 
er Weight! totai | Total | Weight) Total | Total 
ca N N B. N N 
mgm. | percent| mgm. mgm. | percent) mgm. 
Soil + 1 per cent each Na2SO,, Na2CO; leached 
Be 9) | Unt. 8c) 0) a Re 8.8 | 0.65 52" 2:9 | 2:00 58 
Soil + 0.66 per cent each NaCl, NazSOu, 
LCT Cl SI nag eae oe Serr 10:4} 1,45: ||. 251 | 2.4 | 2:43 58 
Soil + 0.66 per cent each NaCl, NasSOu, 
DAG OS MERGBEGG  gc0i< 01s <ca'aic oss ere este Sie leee 13-1 | E901 249°). 3:3. | 2:52 83 
Soil + 0.66 per cent each NaCl, NasSO,, 
NasCQj:-- 15° T. Manure: « <essiccicscceeca ce 20.6] 1.99} 410] 1.2 | 3.46 42 
Soil + 0.66 per cent each NaCl, NaeSO,, 
Ny COy AH SON EXATACES «os os cee Sooo es es 15.3: | 2:94 302 | 3.9 2.60 101 
AC ratte OTN ieee iis eed eae ewe Bs No crop 
Connne'soil -- 15 T. manure... 6.056. 6:..66f6400% 8-0) 1-1.32 106} 2:1 | 2.74 58 
GOTINHE SOU NCAC RCE oo... o5.5 0:5 coe aces wrale-s wleleivie eos 13751 1:15 155 | 2.90 | 2.46 71 
Corinne soil leached + 15 T. manure.......... 16-05 273), 2a P27 | 2222 60 
Corinne soil + soil extract................... 1.6 | 1.98 21 
Corinne soil leached + soil extract............ 15.4]|2.90| 447 
RPEWIBNG OOTE GOING os ..cssiss.sogs noma eee eae Sal ale 18 0rd" 13.30 10 
Richland acre soil + 15 T. manure............ 9.5 12.33) 224 | O.9 | 3.32 30 
Richland acre soil leached...............606 60860 se 0.6 | 3.48 21 
Richland acre soil leached + 15 T. manure....| 9.5 | 2.48 | 236|0.6 | 2.92 18 
Richland acre soil + soil extract.............. 0.5 | 1.94 10} 1.3 | 2.74 36 
Richland acre soil leached + soil extract....... CoE VASE | 10681322) [2565 85 
BENSONIAIMANBON oos.aroccs sone tee cae No crop 
Benson alkali soil + 15 T. manure............ No crop 
Benson alkali-sou leached. ....6...0.540.000840004 1.7 | 07991 116) 2.0 | 2:42 48 
Benson alkali soil leached + 15 T. manure....] 20.9 | 1.80 | 376|0.9 | 2.58 23 
Benson alkali soil + soil extract.............. No crop 
Benson alkali soil leached + soil extract....... 22:6) 4.93}, 255 | 3.3 | 2:65 87 


the unleached soil. There was also considerably more nitrogen removed in the 
grain from the leached than from the unleached soil. It is evident that the 
change produced in the bacterial activities of the soil by leaching is reflected 
in thecrop yields. This increase is augmented by the manure, but no beneficial 
effect can be attributed to the inoculation. In reality, the results point to a 
depression caused by the soil extract, thus seeming to indicate that the soil 
extract has carried back into the soil the limiting factor of bacterial activity 
and growth. 

Two per cent of sodium chloride retards but does not prevent plant growth. 
However, it does reduce the proportion of grain to straw and results in a straw 
and grain both of which are richer in nitrogen. Leaching increases the yield 
and reduces the percentage of nitrogen carried by the crop. Manure applied 
to the unleached soil has little value, but when applied to the leached soil is 
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very effective is increasing productivity. Here again very little influence 
could be attributed to the soil extract. 

The sodium-sulfate-treated soil produced slightly less than the normal soil, 
but when leached and especially when treated with manure it was more pro- 
ductive than the untreated soil. Here again the soil extract is less effective 
than the manure. 

The sodium-carbonate-treated soil produced no crop, and even after it had 
been leached, the yield was low until manure had been applied. The soil 
extract is beneficial but not to the same extent as is the manure. The per- 
centage nitrogen in the crop is increased by sodium carbonate and sodium 
sulfate. 

The toxicity of the mixture of the salts is less than that of the single salts. 
Hence, there appears to be an antagonistic action of the one salt toward the 
other. 

The soil receiving the combination of the three salts was as productive as the 
untreated soil, and after being leached, and especially after treatment with 
manure or soil extract, produced a much greater crop than did the untreated. 

It is evident from these results that the addition of the alkali to a soil and 
then the removal by leaching have increased its productivity and also modified 
the soil to produce a crop richer in nitrogen. Moreover, it is very evident from 
these results that farmyard manures must play a very prominent part in 
the reclaiming of alkali soil. This is brought out even more strikingly with 
the naturally occurring than with the artifically produced soil, for often the 
mere presence of manure is sufficient to determine whether there be a crop. 
This in some cases was true for both the leached and non-leached alkali soils. 
The Corinne soil in the absence of manure produced no crop; in the presence 
of manure the yield equalled that on the college farm soil. When this was 
leached and treated with manure or soil extract the crop yield was doubled. 
Similar results were obtained on the Richland acre soil. The Benson alkali 
which is heavily impregnated with black alkali became productive only after 
leaching. After leaching, both the soil extract and manure is highly efficient 
in increasing productivity. 

Conclusions drawn from these results can be accepted as only tentative, 
indicating the plan which should be followed in future work in both pot and 
field experiments. They are published at this time, as the nature of the work 
has been such that further cropping on these soils is impracticable. The 
large quantities of soil removed in the sampling has left an insufficient amount 
for normal plant growth. Although it is realized that the results in many 
cases are inconclusive and bring out strikingly the need of more refined bacter- 
iological methods to measure the biological differences of various soils, yet 
they conclusively prove that in the reclaiming of alkali soil there is a biological 
as well as a chemical and physical problem and that careful biological studies 
of soil alkali problems will yield results just as valuable as are now being ob- 
tained by recent chemical investigations. 
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CONCLUSIONS 


The soils used in this work were three natural alkali soils: one in which 
chlorides predominated, a second in which the sulfates predominated, and a 
third which was heavily impregnated with sodium carbonate. A productive 
calcareous silt loam, which was made into an alkali soil by various treatments 
with sodium chloride, sulfate, and carbonate, was also used. 

These were leached in 2-gallon jars to remove as much as practicable of the 
soil alkali. The soils were then sampled and manured or inoculated and 
cropped first to clover and afterwards to barley. 

The leaching of the normal soil increased the bacterial activities and the 
productiveness. 

Two per cent of sodium chloride decreased the bacterial numbers 11 per cent. 
Leaching caused an increase of 38 per cent over the normal soil. The results 
for the soil receiving 2 per cent of sodium sulfate were within the experimental 
error of those in the untreated soil. 

Two per cent sodium carbonate reduced the numbers 24 per cent. Leaching 
increased them 830 per cent. That is, in all cases the leaching of the alkali 
and non-alkali soils increased the number of microorganisms. 

Two per cent of sodium chloride reduced ammonification to 10 per cent of 
normal; sodium carbonate to 41 per cent of normal; and sodium sulfate to 52 
per cent of normal. Leaching in many cases increases ammonification to above 
that occurring in the normal soil. Soil extract and manure were very effective 
in restoring ammonification in alkali soils. 

Sodium carbonate is more toxic when measured in terms of nitrification than 
is either the chloride or the sulfate. The carbonate reduced nitrification to 7 
per cent normal, the chloride to 12 per cent normal, and the sulfate to 47 per 
cent normal. Nitrification was very low even after leaching but was increased 
by both soil extract and manure, thus showing that the soil needs inoculation 
after the removal of the alkali. 

Inconclusive results were obtained in nitrogen fixation by the tumbler 
method but very uniform results were obtained where the soil was seeded into 
Ashby media. Here alkalies retarded the fixation of nitrogen and in every 
case there was an increase caused by leaching. 

Test of the soil at the beginning and end of the experiment showed that in 
most cases measurable quantities of nitrogen had been fixed and some of the 
alkalies, especially the sulfate, increased the rate of gain of nitrogen in the soil. 
This was especially true in the case of a natural alkali soil very high in sulfates. 

The results indicate that the nitrogen fixing organisms are more resistant 
to soluble salts than other benefical microorganisms. 

The leaching of the soil increased the crop yield, and some of the alkali 
very markedly increased the nitrogen content of the plants. 

It is evident from these results that organic manures are essential for the 
restoration of alkali soils to a high state of productivity. Benefits will often 
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result from the proper inoculating of alkali soils which are being reclaimed by 
leaching. 
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When water is applied to the surface of a more or less dry soil, it flows down 
through the interstices of the soil mass wetting the soil grains over which it 
passes. If the soil be uniform in texture and structure and the quantity of water 
just sufficient to wet it to the full depth of uniformity, or to a change in the soil 
character, the amount of water retained on any of the soil grains throughout the 
entire depth will be approximately the same. 

If the quantity of water be insufficient to wet the full depth of uniform soil, 
the moisture content will be approximately uniform from the surface to 
within a few inches of the bottom of the wetted soil, where a rapid decrease 
occurs, the amount tapering down sharply to the dry soil. The depth to 
which the moisture penetrates is readily discernible, the change or break 
from wet to dry soil being very abrupt, and usually marked by a distinct 
change in color. 

The flow of water downward through the soil mass is the result of two forces, 
gravity and an inverted “capillary movement” or film force. As the water 
moves down through the soil, a part is absorbed and held by the colloidal 
material present and an additional amount is held as thin films surrounding the 
soil grains with thicker waist-like accumulations where the grains touch each 
other. The downward pull of the “capillary ” or film forces, augmented by the 
pull of gravity, reduces these films to a minimum thickness, and the curve of 
the water-air surfaces is sharp at points where the soil grains are in contact. 
When all the water is used in wetting the soil to this degree, further movement 
through the soil of water in the liquid phase is exceedingly limited and the 
moisture condition becomes essentially static. 


LITERATURE 


There is a voluminous literature dealing with soil moisture in general, usually 
with the “capillary rise” and drainage phenomena, but with relatively little 
bearing directly on downward percolation and the resulting distribution of 
the soil moisture. 


Rotmistrov (5) has discussed this distribution and given field data showing relatively uni- 
form moisture content within soil horizons that apparently have uniform characteristics. 
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He gives no information on the texture or structure of these soil horizons, however, and the 
relation between the moisture holding capacity and the observed moisture can not be checked. 

Burr (2, 3) has dealt with the problem in several papers, nearly all based on field observa- 
tion and study where, however, the final moisture distribution is complicated by the presence 
of growing vegetation. 

Alway and McDole (1) have discussed the downward movement of moisture and the re- 
sulting distribution in soils differing in textures from sands to silt loams. Short tubes (14.22 
inches) were used and the distribution is reported in three and four sections after a period of 
five days or less. They concluded that “at the end of five days equilibrium had been practi- 
cally attained in the fine-textured soils, but in the coarser one this was far from being the 
case. The coarser the soil the more slowly was equilibrium reached.” 

Scofield (6) has added to the data and discussion, as have many other investigators who 
have touched upon the problem incidental to other studies. 

Israelsen and West (4) have studied the problem in the field, using large applications of 
water, with results that generally agree with the findings reported in this paper. They 
state that, ‘‘ten days after the heavy irrigations were applied by the authors each of the plots 
held the same amount of available water, namely 13 inches per foot in the upper 6 feet.”’ In 
their conclusions, however, they state: “In the opinion of the authors, the downward move- 
ment of the water must continue until equilibrium is established with the water table. Mois- 
ture determinations that were made throughout the summer after the 10-day tests showed a 
continuous but very slow downward movement of water, thus confirming this opinion.” 

Widtsoe and McLaughlin (9) in their studies on the Greenville soil have recognized a 
relatively static soil moisture distribution for this soil at 12.68 per cent moisture, which they 
termed the “‘point of lento-capillarity” and which is well above the hygroscopic coefficient 
of 4.33 percent. They did not, however, associate this with what they termed the “optimum 
capillary capacity or field water capacity” of this soil, which was placed at 18 per cent or 
about 5.3 per cent higher than the point of lento-capillarity. In the experiments conducted in 
our laboratories, there is strong evidence that at the “normal moisture capacity” which 
would correspond to Widtsoe’s “field water capacity,” the soil moisture condition is practi- 
cally static. 

Shantz (7) in a recent contribution has ably set forth a theory and conclusion essentially 
identical with that given herewith, but without any supporting data, although in earlier 
publications he had indirectly given much supporting evidence. 

Veihmeyer (8), in the results of exhaustive field investigations extending over several 
seasons, has given ample evidence of the soundness of the theories when applied to field 
practice in irrigated regions. 


The problem has been under investigation in our laboratories for over ten 
years, and from the data thus accumulated the following evidence is submitted.” 


EXPERIMENTAL WORK 
The soil 
Various soils ranging in texture from medium sands to clay loams were used 
during the experiment. The movement of water through the heavier-textured 
soils was so slow that the results were unsatisfactory and inconclusive and the 
more extended experiments were conducted with medium-textured soils. All 
the results herein reported were obtained by using a Yolo fine sandy loam soil 


* Acknowledgment is due to B. F. Monroe, to E. V. Winterer, and to the many graduate 
students who have contributed to the work. 
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containing approximately 8.5 per cent clay, 11.5 per cent silt, and 70 per cent 
fine and very fine sand. As the experiments were continued over a period of 
several years, succeeding quantities of soil varied slightly in mechanical com- 
position. The results given in tables 1 and 2 were from soils having a moisture 
equivalent just above 14 per cent, and those in tables 4 and 5 from a soil having 
a moisture equivalent of 15.88 per cent. 


Methods 


Brass tubes 4 inches in diameter and of 18-inch and 36-inch lengths were 
used for most of the work, while galvanized iron tubes 6 and 8 inches in diame- 
ter and from 4 to 8 feet long were used for a few tests. 

The brass tubes were filled on the propeller type of compactor, giving a very 
uniform compaction of the soil throughout the full length of the container. 
The larger tubes were filled by carefully pouring in the soil, jarring to gain 
compaction. The distribution within the larger tubes was much less satis- 
factory, considerable stratification of the soil occurring in some cases. 

Water was applied at the surface in quantity sufficient to give the desired 
depth of irrigation, a depth or head of 1 to 1} inches usually being maintained 
until all the water had been applied. Drip and sprinkling were used as means 
of application in certain cases when it was desired to eliminate the effect of 
“head.” As soon as the water had disappeared from the surface the tubes 
were closed with a closely fitting, but not air-tight, cover in order to retard or 
prevent evaporation. 

When a specified period of time had elapsed, the soils were sampled by re- 
moving, with a specially devised sampling tool, all the soil to the desired depth. 
ln most cases the soils were sampled by 1-inch sections. The soil was quickly 
mixed, sub-sampled, and weighed into dishes and dried for from two to five 
days at 100°C. All results are reported at percentages of moisture based on 
the oven-dry weight of the soil. 


EXPERIMENTAL DATA 


Experimental results are given from only a few of the numerous tests made, 
selected to cover the several points discussed. Table 1 and figure 1 show the 
moisture distribution 5 days after irrigation of 18-inch tubes when 2, 2}, 3 and 
33 inches of water were applied. The soils were sampled by 1-inch sections 
and the results are the mean of duplicate tubes. 

Although the depth of penetration varied in direct relation to the amount 
of moisture applied and the quantity above the taper was rather close in all 
the tubes, it was evident that downward movement had not ceased and that 
a longer period of time was needed before equilibrium would be established. 

Table 2 and figure 2 show results where the amount of water applied was 
the same, but the time varied. Five tubes were used, irrigated with 2} inches 
of water, and allowed to stand 5, 7, 11, 21 and 28 days, protected from evapora- 
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tion as indicated above. The total penetration varied from 11 to 14 inches, 
with tapers of from four to five inches. All the tubes show a decrease in the 
amount of moisture from the surface downward, the slope becoming steeper as 


the time increased. 


PERCENT AIOISTURE 
2 << é 8 ‘3 42 14 46 4/8 20 2 
T | T T } 
H | | i 1 
/ } | ery } 
| rp ] 
} ;? | 
| f | | | diy | 
2} H o~< ont 
i | I AK } 
| | | iH aa 
4 | 
>| j ] } CY: | 
1 j | | H 
} ' | ' 
| | | j | f} 43 | 
4? = PX 
j ae | | ris 
| | | | | | of) | | 
~~} i T et aa! 
| | | | | fi } 
| } Hr | 
( | | | | iE 
© i] | f ‘ {je 
| ‘ 
. ci | ht 
os i ' | ss 
\ | 
- | | | | 
W “i | | 4 
z } | 
ww ' ‘ ' 
39 ——- +H 
2 j 


40 t } ‘ 4 fic 
x ; | LA / 
Q | | | | i 
“di — A~~ ft 
+. u pe — | 
} i 
13-16 + _ 
} j \2its “ ° | 
| Sg 4 | | 
hd pat 4 
; | i i . i | 
| “| gf | 
NG mee bee see ek: | 
| a 
i 
16 ‘a2 ——— : 
j ' | 
a ee es ee 
44 | | 
46% 2 — * —— Se 
Fic. 1. Errect or INCREASED AMOUNTS OF WATER. SAMPLED FIveE DAYS AFTER 
APPLICATION 
= 2.0 inch depth of water applied; ——- — = 2.5 inch depth of water applied; 
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Because of the shallow depths of the soil, the uniformity of distribution in 
the 21- and 28-day tubes was considered as not sufficiently conclusive and for 


this reason other tests using longer tubes were undertaken. 


Brass tubes 4 


inches in diameter and 36 inches long were used and irrigations giving 6, 7, and 


8 inches of water applied. One set of tubes was sampled at the end of 24 days, 
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TABLE 1 
Effect on moisture distribution of increased amounts of water 


DEPTH OF SOIL 


DEPTH OF WATER APPLIED 


2.0 inches 2.5 inches 3.0 inches 3.5 inches 
inches per cent* per cent per cent per cent 
1 16.81 17.00 19.19 18.13 
Z 15.84 14.94 17.19 16.05 
R 16.00 15.70 17.60 17.02 
4 16.90 16.00 17.80 17.20 
5 16.86 15.70 18.11 17.60 
6 16.66 16.03 15.01 18.12 
7 16.16 15.41 17.85 17.43 
8 15.10 14.78 1é.75 18.13 
9 13.36 15.00 UY fee 19.22 
10 13.00 15.05 16.79 18.49 
t 11 10.37 13.85 16.30 17.82 
| 12 3:29 13.33 15,14 18.02 
13 2.44 12.91 14.15 18.02 
= ff Seaa8 1:32 11.30 17.85 
om gaat 2.45 3.96 17.22 
| a 60h (Che 2.30 17.53 
i bn), ee ae | ae ae | Mr ee 18.09 
* Based on oven-dry weight of soil. 
TABLE 2 
Effect of time on moisture distribution 
TIME ELAPSED BEFORE SAMPLING 
) DEPTH OF SOIL 
5 days 7 days 11 days 21 days 28 days 
inches per cent* per cent per cent per cent per cent 
1 21°25 18.59 19.02 15.95 15.04 
Z 18.45 17.10 16.38 13-42 14.78 
3 18.27 16.71 15.80 14.25 14.73 
4 17.81 17.37 16.10 14.15 14.04 
5 18.33 17.16 16.29 14.07 14.53 
6 17.78 16.14 15.39 14.34 14.24 
7 17.87 16.34 S67 14.54 14.44 
8 16.70 15.19 14.72 14.04 14.14 
9 16.41 14.58 14.07 13.71 13.58 
10 14.87 13.48 13.34 13.00 13.08 
11 13.48 12.72 12.18 11.94 12.66 
12 11.45 11.79 3.65 9.97 12.07 
13 SaAz 200° OW akses 7.93 10.04 
14 2.90 Gio 2.92 4.05 
15 Ze all!) -simes 3.17 2.21 3.68 
* Based on oven-dry weight of soil. 
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and a second set aiter 54 days. Table 3 gives the moisture content by inches, 
and figure 3 shows the moisture distribution at the end of 54 days. 

It is evident that the moisture had not reached a uniform distribution or a 
state of equilibrium in any of the tubes, although that condition is approxi- 
mated after 54 days in the tubes receiving 6 and 7 inches of water. The water 
had reached the bottom of the tubes which received the 7- and 8-inch irrigations, 
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Fic. 2. Errect oF Trae oN MOISTURE DISTRIBUTION WHEN 2.5 INCHES OF WATER AS 
APPLIED 


= 5 days; —-—-— = 7 days; — — — = 11 days; ------------ = 21 days; 


making it evident that not over 6 inches of water could be held within the 36- 
inch soil column without wetting the soil to its entire depth. 

The distribution as affected by a still more prolonged period is shown in 
table 4 and figure 4, which give the results obtained from tubes that received 
6 inches of irrigation water and stood for 24, 54, 89, and 123 days. 

The soil moisture had not ceased its downward flow in 89 days, but by 123 
days the distribution closely approaches uniformity to a depth of 24 inches 
where the taper appears to begin. The average content of moisture (table 5) 
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from the surface to the twenty-fifth inch (excluding the eleventh inch) is 
16.79 + 0.365, expressed as percentage of the dry weight. There appears to 

TABLE 3 
Distribution of water—effect of time and quantity 
SIX INCHES SEVEN INCHES EIGHT INCHES 
DEPTH 

24 days 54 days 24 days 54 days 24 days 54 days 
inches per cent* per cent per cent per cent per cent per cent 
1 21.70 19.04 20.50 21.10 23.53 22.70 
2 19.52 18.15 19.82 19.33 21.38 20.50 
3 19.73 18.38 19.64 18.96 20.54 20.32 
4 20.84 16.48 20.02 19.05 20.85 20.32 
> 19.61 18.05 19.48 18.96 21.03 20.50 
6 19.52 17593 19.84 18.95 21,15 20.70 
7 20.53 18.28 20.43 19.41 21.32 20.61 
8 22.53 18.88 20.01 19.48 21.10 21.45 
Bie Maan 18.50 19.82 19.39 21.72 2AS 
10 20.04 18.56 20.70 19.63 22.20 2145 
11 20.67 18.93 20.68 OES gestae 21.47 
12 20.79 18.41 20.70 19.57 21.63 21.50 
13 20.64 18.15 21.28 19.55 21.30 21.82 
14 20.75 18.75 21.38 19.60 22.38 22.29 
15 20.45 16.95 21.10 19.63 22.42 21.88 
16 20.28 18.70 21.62 19.42 2.49 22.10 
17 20.30 17.85 21:22 19.63 cheat 22.303 
18 19.96 18.52 16.50 19.41 22.58 22.47 
19 19.05 18.52 21.10 19.83 22.45 22510 
20 17.94 18.25 2411 19.15 22-43 21.28 
21 18.65 17.42 20.80 19.65 22.40 21.99 
22 18.32 17.49 20.28 19.21 22.23 22.02 
Hs} 18.35 17.28 20.18 19.13 22.30 22 ¢1 
24 17.42 16.80 14.35 18.95 21.70 22:20 
25 16.74 16.40 19.42 18,83 20.72 21.58 
26 15.90 15.63 18.90 18.52 o2iae 21.42 
27 14.35 15.62 19.05 18.61 20.89 18.24 
28 12.46 15.01 18.53 18.49 20.89 21.98 
29 5.91 14.21 17.68 18.31 20.18 22.28 
30 3.33 13.68 16.40 14.20 19.69 21.65 
=): Ct err ane 9.25 15.95 13:75 19.92 21.65 
See ies sens, 2.23 14.51 13.74 19.86 22.10 
Say A! eeated 4.43 10.20 13.48 20.42 22.81 
Se, A Baek 3.72 4.32 13.60 20.08 22.42 
<n | ae ae |e Maree 16.90 17.65 21.90 

Ore Meee NN aioe ON cotta, “WI <aeraete- WD -amerec 

*Based on oven-dry weight of soil. 
be a slightly larger amount of moisture between the twelfth and seventeenth 
inches, but the largest variation, as shown in table 5, is only +0.53 as 
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compared to the average, or about 3 per cent of the average amount of 
moisture present. 

That there was little or no evaporation loss and that the differences of dis- 
tribution are due to moisture movements within the soil mass was shown by 
measurements of the areas within large scale graphs showing the distribution 
in the 24-, 54-, 89-, and 123-day tubes, where every point was located, and there 
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Fic. 3. Errect orf QUANTITY ON DISTRIRUTION OF WATER, SAMPLED 54 DAYS AFTER 
APPLICATION 
ere = 8-inch application; —-—-— 7-inch application; ------------ = 6-inch 


application. 


was no ‘“‘smoothing” of the curve as in A, B, C, and D in figure 4. The area 
within A (24-day) was taken as 100, B (54-day) was found to be 98.5, C (89- 
day) to be 99.9, and D (123-day) to be 99.5. As these figures were obtained 
from different tubes of soil after standing for long periods of time the agree- 
ment is surprisingly close. 

It is believed that the moisture at the end of 123 days had approximately 
reached equilibrium insofar as flow in the liquid phase is concerned, and that 
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any further movement would have to take place in the vapor phase. 


possible that a very slow downward flow might continue for some time, slightly 


TABLE 4 
Distribution of water in tubes receiving a 6-inch irrigation, after prolonged periods of adjustment 


TIME 


DEPTH 
24 days 54 days 89 days 123 days 
inches per cent* per cent per cent per cenit 
1 21.10 19.04 17.64 17,32 
2 19 32 18.15 16.95 16.72 
3 19.73 18.38 17.02 16.11 
4 20.84 16.48 16.93 16.67 
5 19.61 18.05 17-29 16.72 
6 19.52 1793 17:25 16.45 
7 20.53 18.28 17.47 17.26 
8 22.00 18.88 17.44 1432 
| oe 18.50 17.41 16.60 
10 20.04 18.56 17.57 16.82 
11 20.67 18.93 17.86 15.24 
12 20.79 18.41 16.82 17.16 
13 20.64 18.15 18.14 17.00 
14 20.75 18.75 18.05 L743 
a5 20.45 16.95 17.78 16.84 
16 20.28 18.70 18.24 17.32 
17 20.30 17.85 17.45 17:23 
18 19.96 18.52 17.58 16.83 
19 19.05 18.52 17.46 16.69 
20 17.94 18.25 16.92 16.39 
21 18.65 17.42 17.09 16.54 
22 18.32 17.49 17.02 16.68 
23 18.35 17.28 16.65 16.32 
24 17.42 16.80 16.57 16.16 
25 16.74 16.40 16.00 15572 
26 15.90 15.63 15.90 15.79 
27 14.35 15.62 15.55 15.62 
28 12.46 15.01 15:25 15.17 
29 5.91 14.21 14.83 14.88 
30 3.00 13.68 14.34 14.42 
<n)! | ere ors 9.25 13.53 13.95 
Suh, Wr awewsr 9.23 12.64 13.62 
So, ‘WR eahas 4.43 11.09 12.73 
i) | nyo Sie 8.12 11.07 
So) «fl ose WR whist 6.06 8.29 
Sie SN. tech GE *  dathiad 3:92 6.62 


* Based on oven-dry weight of soil. 


reducing the moisture in the upper portion and increasing the depth of pene- 
tration. Table 4 shows that at the depth of 27 inches, the moisture content 
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has remained approximately constant after the fifty-fourth day, at a content of 
15.62, 15.55 and 15.62 per cent. This evidently is a “critical’”’ moisture point 
and may represent the content at equilibrium toward which the moisture is 
working. 
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Fic. 4. DISTRIBUTION OF WATER IN TUBES RECEIVING A 6-INCH IRRIGATION, AFTER PRO- 
LONGED PERIODS OF ADJUSTMENT 


couse A = Distribution after 24 days; — — — B = Distribution after 54 days; 
———— C = Distribution after 89 days; —.—-— D = Distribution after 123 days. 


The average moisture equivalent of the soils used in this test was found to 
be 15.88 + 0.34, the variations of the individual tests being shown in table 6. 

The close agreement of this moisture equivalent of 15.88 with the content of 
water at the twenty-seventh inch of 15.62 suggests that the normal moisture 
content of this soil when at equilibrium with the film and gravity forces is al- 
most identical with the moisture equivalent. The average content at the end 
of 123 days, 16.79 per cent, is only 1.057 times the moisture equivalent; or 
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TABLE 5 
Moisture content of 123-day tube above taper or to a depth of 24 inches, with averages and variations 
DEPTH PER CENT VARIATION FROM AVERAGE 
1 17532 +0.53 
2 16.72 —0.07 
3 16.11 —0.68 
+ 16.67 —0.12 
5 16:72 —0.07 
6 16.45 —0.34 
7 17.26 +0.47 
8 17-32 +0.53 
9 16.60 —0.19 
10 16.82 +0.03 
11 Ck Ge): 5) Sn (ee cee 
12 17.16 +0.37 
13 17.00 +0.21 
14 17.13 +0.34 
15 16.84 +0.05 
16 17232 +0.53 
17 17.23 +0.44 
18 16.83 +0.04 
19 16.69 —0.10 
20 16.39 —0.40 
21 16.54 —0.25 
22 16.68 —0.11 
23 16.32 —0.47 
24 16.16 —0.63 
PETRIE ssc riots e suse sie ole 16.79 +0.365 
COEHICIENT Of VaTIatiOn :)fs6hsb Sas Ga Serceeodeneenets 2.15 
* Not included in average. 
TABLE 6 


Moisture equivalents on soil from tubes 


VARIATION 


Average = 


15.78 —0.10 
15.65 —0.23 
16.20 +0.32 
15.28 —0.60 
16.27 +0.39 
15.80 —0.08 


16.21 +0.33 


15.88 +0.34 


Coefficient of Variation = 2.14 
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expressing it the opposite way, the moisture equivalent is 94.6 per cent of the 
average moisture content. The soilas packed in the tubes had a volume weight 
of 1.315 and a pore space of 50.4 per cent. At the average moisture content 
at the end of 123 days, 43.8 per cent of the pore space was occupied by mois- 
ture, whereas at the moisture equivalent point, 41.4 per cent of the pores are 
filled with water. The downward movement of water under the combined 
forces of gravity and film pressures is very rapid, as shown in figure 1 and also 
in figures 2 and 4 in which time is a factor. Although the distribution at the 
end of five days is surprisingly uniform, the final distribution condition requires 
along period of adjustment. 


DISCUSSION OF RESULTS 


The experimental evidence indicates that when water is added to a body of 
uniform soil and allowed to percolate downward through the soil mass, a con- 
dition of distribution will be reached at which the moisture content at any 
depth will be approximately the same, except for a region of very rapid decrease 
in moisture present in the lowest five or six inches of wetted soil. This zone of 
rapid decrease has been designated the “taper.” 

The distribution above the taper, when graphically represented, closely 
approaches a straight line provided the sampling of the soil is delayed for a 
sufficient time to allow this condition of equilibrium to be reached. If the 
amount of water added be just sufficient to wet the soil down to a change in 
texture, the moisture distribution throughout the full depth will be uniform. 
If any additional water be added, the amount held at any level will be increased, 
but with larger amounts in the lower depths, until at the maximum moisture 
capacity the curve or gradient of moisture content will approach that of the 
upper section of a “capillary potential” gradient. 

Plotting the distribution obtained by adding increasing amounts of water 
gives a ‘‘pendulum” swing to the curves. In figure 1, curves 2, 2}, and 3 show 
the “deficiency” curve with a slope to the left. A theoretical distribution of 
exactly the right amount of added water would be straight lines showing uni- 
form distribution. Curve 33 shows a slope to the right occurring when a slight 
excess of water was added. In figure 3 the curves representing distribution 
after application of 6, 7 and 8 inches of water show the same type of swing, 
the 6-inch curve having a “deficiency” slope to the left and the 8-inch curve 
an “excess” slope to the right. In figure 4 all the graphs show “deficiency” 
curves to the left. 

The term ‘Normal Moisture Capacity” is proposed as an expression indi- 
cating the moisture content of the uniform distribution approximated in curve 
D, figure 4, showing the distribution after 123 days. This amount approaches 
closely the condition described by Widtsoe (9) as the “optimum Capillary 
Water Capacity or Field Water Capacity.”” However, the author’s conception 
of the condition of this water is that it is essentially static, that it will not move 
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upwards, downwards, or laterally, a condition which Widtsoe recognized and 
designated as the “Lento-Capillary Point,” but which he placed materially 
lower in amount of water than his “Field Water Capacity.” 

This water is held in the soil by two phenomena. A portion is taken up by 
the colloidal material present as absorbed or adsorbed water. This portion is 
very firmly held and is not free to move under any of the forces present in the 
soil. The second portion is the water film over the surface of the soil particles 
(and colloid coating) with waist-like accumulations where the particles are in 
contact. The force of gravity and the capillary forces directed downward will 
move the film water down until the angles of the surfaces at the points of con- 
tact are acute and sub-catenoid, giving them a high film pressure. The re- 
maining film water can not then move in any direction in the soil, and would 
correspond to the condition of lento-capillarity. 

If the surface were dried out, this moisture could not move upward to any 
measurable extent. The upper few inches might dry by direct evaporation from 
the surface and soil pores, and develop a “‘taper” comparable to that at the lower 
extremity of the wetted zone. The depth of this taper would depend on the 
texture and structure of the soil, the size of the soil particles, and the effective 
size of the pores of the soil. Upward movement to replace the moisture lost 
by such surface evaporation is exceedingly slight and the depth so affected is 
very limited; as the thinness of the films and the sharp angle of the contact sur- 
faces are the result of the original “capillary” forces plus gravity, upward 
capillary or film movement against gravity will be negligible or non-existent. 
A slow movement of moisture may occur in the vapor phase by normal vapor 
pressure phenomena, which would cause a movement toward any region of 
drier soil, thus tending to equalize the moisture content throughout the soil 
column. A definite loss may occur through the movement of air in the pores 
of the soil, the daily out-movement as the soil is warmed and the air expands, 
and the corresponding in-movement at night when the soil cools producing a 
“ventilation” and a removal of water vapor that will slowly reduce the soil 
moisture. The amount thus lost is small and the rate of such loss decidedly 
slow. At the Normal Moisture Capacity, the soil moisture is considered to 
be in a static condition or at least in such a state that movement of the 
liquid phase in any direction is exceedingly limited and negligible. 


WATER OF ADHESION 


The term “Water of Adhesion” is proposed to designate the water held in the 
soils under these conditions, defined essentially as follows: 
Water of Adhesion is that moisture in excess of the hygroscopic water, held in the soil by 


colloidal adsorption and as films surrounding the soil grains, not free to move under the 
normal influences of film forces. 


The so-called “forms” of soil moisture would then become hygroscopic water, 
adhesion water, capillary water, and gravitational water. 
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Hygroscopic water is variously defined as the amount of water present in an 
air-dry soil, while the hygroscopic coefficient is defined by Hilgard as the 
amount of water a dry soil will absorb from a saturated atmosphere at a uni- 
form temperature of 15°C. 


Capillary water is usually designated as that water held on or between the 
soil grains by the adhesion between the soil and water and by surface tension 
forces and that is free to move under the influence of film forces. 

Gravitational water is obvious—the excess water that can or will drain 
from a soil by gravity. It therefore should not properly enter into considera- 
tion as soil moisture but rather as a source of soil moisture. 

Adhesion water would lie between the hygroscopic and the capillary water, 
covering the amount held between the hygroscopic coefficient and the point of 
lento-capillarity. 


APPLICATION OF RESULTS 


Irrigation. Applying water to the surface of a deep uniform soil would 
ultimately result in a moisture distribution at the Normal Moisture Capacity. 
Any additional water would serve to increase the depth of penetration, but not 
the amount held at any given depth, and if the amount added were sufficient 
to wet the soil beyond the reach of the roots, the excess moisture penetrating 
the lower layers would be lost tothe plant. ‘Storing up” of water in a deep soil 
by winter irrigation or by the application of excessive amounts early in the 
season when water is abundant is impossible unless there is an impervious 
layer that will prevent further downward movement and result in a perched 
water table and a zone of saturation. 

Mulches. When the soil is wetted to its Normal Moisture Capacity by rain 
or by irrigation, and this moisture is not free to move under the influence of 
film forces, as indicated in these experiments, then the ‘‘capillary rise” of this 
water is impossible and continued loss of moisture from the surface can not 
take place. The surface few inches will dry out to a depth about that of the 
usual mulch in arid regions. Beyond this drying can proceed only through 
vapor movements. A mulch can not prevent moisture movements which do 
notoccur! Undersuch conditions therefore a mulch is of little or no effect. 

Greenhouse practice. In experimental work in plant culture, soils are often 
moistened to the “optimum moisture content” before being placed in the pots, 
the seeds or plants are then planted and the system sealed. The loss of water 
by evaporation or transpiration, as determined by decreased weight, is re- 
placed by adding the equivalent amount to the surface of the soil. Optimum 
Moisture Capacity is well below the normal Moisture Capacity. Water 
added to the surface will not be distributed uniformly through the soil mass 
until it reaches a uniform conditon of “optimum,” but will remain at the 
“normal” moisture content, wetting a much shallower depth. The result is a 
wetted zone near the surface in which the roots can develop and grow, with 
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a lower zone dried down to the wilting point and more or less devoid of roots. 
This inequality in moisture distribution may vitiate the results of otherwise 
carefully controlled experiments. 


CONCLUSIONS 


A soil has a Normal Moisture Capacity which represents the minimum 
amount of water that is retained by absorption and film forces when the water 
is free to move downward through a mass of uniform soil. 

The Normal Moisture Capacity is, for medium-textured soils, approximately 
the same as the moisture equivalent. 

At the Normal Moisture Capacity the moisture is readily available for 
plants, but is not free to move under the normal film forces existing in the soil— 
it is essentially static. 

In this condition, mulches are of little or no effect in conserving soi) moisture, 
as upward movement to supply evaporation does not occur. 

In deep uniform soil any water added by rain or irrigation penetrates the 
soil rapidly and soon approaches the Normal Moisture Capacity state of 
distribution. 
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Unquestionably one of the greatest needs in soil study is a very rapid and 
simple method for determining the colloidal material in soils, for the colloidal 
material seems now to constitute the seat of all the reactivities in soils. Such 
reactivities or relationships as base exchange, adsorbability and retainability 
of plant-food constituents, reactivity toward chemical reagents, solubility, 
heat of wetting, wilting coefficient, availability of water,evaporation of water, 
capillary movement of water, water holding capacity, rate of percolation, etc., 
are all controlled or influenced very largely by the colloidal content of a soil. 
In the last two years two methods which appear to come closest to giving a true 
estimation of the colloidal material in soils have been proposed. These two 
methods are the heat of wetting (1, 2) and the adsorption (4) methods. The 
chief drawback in both of these methods, however is that a portion of the col- 
loids has to be extracted from the soil before the colloidal content can be 
determined, and this extraction process takes much time—in some soils, and 
where only small amounts are available it takes several days to extract enough 
colloids for an accurate adsorption or heat of wetting determination. Of the 
two methods, the heat of wetting is the quickest and simplest, but the adsorp- 
tion method may take almost a week. It was once hoped that both the heat of 
wetting and the adsorption methods might be very rapid for estimating the 
colloidal content of soils, either the adsorption or the heat of wetting of the 
colloids being used as a factor, but it has been found that the colloids from 
different soils vary so greatly both in their adsorption and heat of wetting, that 
no factor can be used for all soils. 

At this laboratory, therefore, attention and efforts have been directed 
elsewhere, with the hope of discovering a method or a factor which could be 
used for estimating very quickly and accurately the colloidal content of soils. 
This requirement seems to be happily furnished by the hydrometer method. 


1 At the request of the author this paper replaces that submitted July 23, 1926, ‘““The Hy- 
drometer as a New and Rapid Method for Estimating the Colloidal Material in Soils,” a 
preliminary report of the investigations herein presented in final form. It is also given the 
position scheduled for ““The Hydrometer as a New Method for the Mechanical Analysis of 
Soils ” received for publication July 6, 1926, which thus relinquishes its priority rights as of 
July 6 and assumes those of July 23, 1926. 
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The employment of this method in connection with soil suspensions has 
revealed two remarkable facts; first, that the hydrometer can be used in meas- 
uring the rate of settling of soil particles (3) from which a distribution curve 
of the soil particles of various sizes might be worked out mathematically, and 
second, that it can estimate the colloidal contents of soils quite accurately 
and very rapidly. 

It has been found that if a certain quantity of soil is dispersed in a definite 
amount of water, the percentage of the material that stays in suspension for 
15 minutes, based on the original sample taken, is equal to the percentage of the 
colloids indicated by the heat of wetting method. This relationship is surpris- 
ingly close, with very few exceptions, and holds true for all types and horizons 
of soils and even when the quantity of soil is varied. The exceptions are 
mainly in soils that are unusually rich in organic matter especially in matter 
not thoroughly decomposed. Out of about 40 soils examined in the present 
investigation, however, which include a very good representation of all the 
different types and horizons, only 3 gave somewhat wide disagreement and 
this did not amount to more than 10 per cent. 

On first consideration such a relationship as appears to exist between the 
percentage of colloidal material as determined by the heat of wetting method 
and the percentage of the material staying in suspension at the end of 15 min- 
utes, might seem to be almost incredible or accidental. On further and deeper 
consideration, however, this relationship appears to be reasonable and logical. 
For instance, if different soils contain various amounts of fine or colloidal ma- 
terial, should we not expect a proportionate amount of fine or colloidal material 
to stay in suspension at a definite time, providing other factors did not inter- 
fere or intervene? 

This rather remarkable relationship can be used now as a factor in determin- 
ing the colloidal content of soils, which can be accomplished in 15 minutes. 
All that is necessary is to disperse the soil in a certain volume of water, deter- 
mine the density at the end of 15 minutes, and from this density, which repre- 
sents material in suspension, calculate the percentage of the sample in sus- 
pension which is the percentage of colloids that that particular soil contains. 

The 15-minute period has been chosen because the relationship seems to be 
the closest for nearly all soils at this length of time. It was selected from hy- 
drometer readings taken every minute or every few minutes, extending from 
1 minute to 24 hours. The fact that this same time element holds true for 
nearly all soils is most remarkable and goes to show that there is a fundamental 
basis for the phenomenon. 

The material that stays in suspension at the end of 15 minutes is probably 
not all colloidal, but the colloids that might be carried down or settle are ap- 
parently compensated by the non-colloidal material staying in suspension. 
The amount of non-colloidal material staying in suspension at the end of the 
15-minute period, however, is probably very small. 
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THE HYDROMETER AND PROCEDURE 


The hydrometer employed for measuring the quantity of fine material 
staying in suspension was of a special type made for this purpose, which had a 
very large volume and considerable weight, both of which tended to make it 
very sensitive and accurate. This hydrometer was calibrated so that it would 
indicate directly on its stem grams of solid material staying in suspension in 
one liter of water. : 

An essential part of the hydrometer method for determining the colloidal 
content is a complete dispersion of the soil. Four different methods were 
tried for this purpose. These included (a) the standard rocking shaker, (b) 
the beater used in beating eggs, (c) pestling in a mortar by hand, and (d) the 
drink mixer shown in plate 1. These different methods were able to disperse 
the same soil in different lengths of time. The rocking shaker required 6 hours 
to effect an approximately complete dispersion; the egg beater, 1 hour; the 
hand pestling, 15 minutes; and the drink mixer 3 hours in the original form, 
but as finally modified only 9 minutes. 

It was desired that the method adopted for dispersing the soil be not only 
efficient and rapid, but also that it do away with the personal element. At 
the outset the drink mixer seemed to fulfill all the essential requirements. 

The disappointment was very great, therefore, when it was discovered that in 
the form in which it is used for mixing drinks, more than three hours were 
required to effect a complete dispersion. Its failure to accomplish it in less 
time was due to the fact that the mixture in the cup was subjected to a cir- 
cular motion without its being churned. Attention was directed, therefore, 
in correcting this defect, and happily it was most successfully corrected by 
putting a series of copper wires on the wall of the container to act as ob- 
structions, and to prevent the circular motion. 

The difference this slight change in the walls of the container made on the 
efficiency of the dispersing ability of the machine, is most remarkable, as seen 
by the fact that the time was reduced from more than 3 hours to only 
9 minutes. 

This machine in its final form, now, is a most effective machine for the dis- 
persion of the soils.2 The motor, without a load, goes at a speed of about 
14,000 revolutions per minute and with a load, at about 9,000 revolutions per 
minute. The energy expended in dispersing the soil, therefore, can be easily 
imagined. 

The method of pestling by hand in a mortar is very efficient, and very rapid, 


? The idea of using this machine in the original form, was suggested in a conversation by 
Prof. H. Ries of Cornell University. As already stated, however, in the original form this 
machine is not practical for this work. 

This machine is manufactured by the Hamilton Beach Manufacturing Company of Racine, 
Wisconsin, who have-undertaken to make the special cups to be used in dispersing the soil. 
The complete outfit costs about $20.00 
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but the results are not always uniform and the dispersions not always as com- 
plete as that yielded by the motor and consequently is not recommended. 
With hand the soils can be dispersed in from 10 to 20 minutes, but they must 
be pestled vigorously even though the particles seem to be ground. They 
must be pestled and washed until all the soil is dispersed. The washings 
must stand half a minute before being decanted into the cylinder. 

The length of time required for soil- dispersal, at which the results of the 
hydrometer method correspond the closest with the results of the heat of 
wetting method, is 9 minutes for all the soils except for those whose organic 
matter content is either not well decomposed, or is difficult to disperse. Many 
soils with high contents of organic matter, from Illinois, Iowa, Michigan, 
and Minnesota behaved like the mineral soils with no organic matter, but a 
few soils, such as the Minnesota Carrington silt loam would not be dispersed at 
9 minutes, but required about 30 minutes. Out of 15 of such organic soils 
examined, only 2 failed to give very close agreement with the heat of wetting 
method when dispersed only for 9 minutes. In such soils the organic matter 
could readily be seen to be not well decomposed. Such soils, which are readily 
recognized, should be stirred 30 minutes; all the other soils with organic matter 
should be stirred only 9 minutes. Those that need to be stirred 30 minutes 
will be exceedingly few according to this investigation thus far conducted. On 
the other hand, the error that might arise if these exceptional soils are stirred 
only 9 minutes, may not amount to more than 10 to 15 per cent. In the case 
of mucks and peats the method is not very successful because it is almost 
impossible to disperse those organic materials. 

The 9-minute period of dispersion seems to effect almost a complete dis- 
persion. For instance, Ontonagon silt loam gives 62.37 per cent of colloids 
when stirred 9 minutes and 66.20 per cent when stirred for 3 hours. Stalwart 
sandy loam gives 28.46 per cent when stirred only 9 minutes and 31.72 per cent 
when stirred 3 hours. These differences are certainly small when the great 
difference in time of stirring between 10 minutes and 180 minutes is taken 
into consideration. 

In order to facilitate the dispersion, keep the material dispersed, and prevent 
flocculation and thus settling according to its physical laws, to each soil sample 
was added 5 cc. N KOH during the dispersion process. Most of the soils do not 
need the addition of KOH, because they are easily dispersed and remain sus- 
pended according to the physical laws governing the size of their particles, 
but there are some soils which have a tendency to flocculate after they are dis- 
persed, and tend to settle in mass when they begin to flocculate. The addi- 
tion of the KOH prevents this tendency to flocculate and the soil particles 
settle in the regular manner. In order that the general procedure might 
be uniform, the KOH was added to all the soils. This addition in- 
creased very little, if any, the amount of material that stayed in suspension 
at the end of 15 minutes, except in those soils that have a tendency to floccu- 
late. Apparently the KOH serves the purpose mainly of stabilizing the soil 
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particles or colloids which have a tendency to flocculate. Some soils require 
more KOH than others in order to be stabalized. 

The general procedure in the actual determination consisted of weighing out 
an amount of soil equivalent to 50 gm. on the oven-dry basis, although for 
practical purposes the hygroscopic moisture can be estimated if air-dry soils 
are used and allowance is made in weighing out the samples, placing it in the 
cup and filling the latter with distilled water to within 1 inch of the top. The 
cup was then connected to the stirrer of the motor and was stirred for exactly 
9 minutes. The mixture was poured and washed into a liter cylinder having a 
total capacity of 1250 cc., a diameter of 23 inches, and a height of 18 inches. 
The hydrometer was then placed in the mixture and the cylinder containing the 
hydrometer filled to the top with distilled water. The hydrometer was taken 
out and the suspension was vigorously shaken by hand with the palm of one 
hand acting as a stopper. The cylinder was then placed on the table and the 
time immediately noted by astop watch. The hydrometer was then placed in 
the mixture and at the end of 15 minutes the reading of the liquid was taken. 
Just half a minute before the end of 15-minute period, the hydrometer was 
gently pushed down into the liquid, to avoid any error in the reading caused 
by lag or sticking of the hydrometer. The temperature of the mixture was 
also noted. The amount of material shown on the hydrometer was then divided 
by 50, which was the amount of sample taken, and the result was the percentage 
of colloids in that soil. 

In taking the sample, care should be exercised that the heavy types of soil 
are not in big lumps, because the water requires longer time to penetrate and 
to disperse these lumps. Also, soils that have a heavy content of alkali salts, 
should be washed before using. The samples taken should also be a very good 
representative of the whole soil. 

With the 50 gm. of soil 1050 cc. of water was used. In the calculation of the 
results, however, only 1000 cc. was employed; the other 50 cc. was considered 
to be used up in wetting or saturating the soil. 

In order to test out the method, various quantities of soil such as 25, 50, 75 
and 100 gm., were employed. In every case 1000 cc. was used and in addition 
1 cc. for every gram of soil, to make allowance for the water required to wet or 
saturate the soil. This additional water was added because the hydrometer 
measures the amount of suspensions in the entire column of liquid irrespective 
of the density with depth. In other words the hydrometer readings give the 
average of the densities for the entire column of liquid, i.e. from the top to the 
point where the solid column of soil is being formed by settling. Hence, to 
make the liquid columns above the various soils comparable, allowance was 
made for the water required to saturate the soils. 

The hydrometer can be best read, in some cases when the column of liquid 
is at the top of the cylinder. In order, therefore, to have 1050 cc. of water with 
50 gm. of soil and at the same time to have the column of the liquid at the top 
of the cylinder with the hydrometer floating in the liquid, cylinders of the 
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required size have been made.* With the use of these special cylinders, the 
results are compara le, matters are simplified, and time is saved in not having 
to measure the w !¢:r. One can use, however, any regular liter cylinder that 
has a total car “uty of about 1250 cc. An ordinary 1000 cc. cylinder may 
also be used by making a mark of the proper volume. 

Changes of temperature make a difference in the results. A change of 1°F. 
makes a difference of about 0.350 per cent of soil colloids. For absolute com- 
parison, therefore, the results must be reduced to the same temperature basis. 
In the present investigation the temperature of 67°F. has been chosen as a 
basis which is also the temperature at which the hydrometer has been cali- 
brated. For readings above 67°F., therefore, 0.35 per cent must be added for 
each degree, to the percentage of colloids indicated by the hydrometer; and 
for readings below 67°F., 0.35 per cent must be subtracted for every degree of 
temperature. An example will make this point clear. Suppose that a soil gave 
60 per cent of colloids at the temperature 77°F. To this 60 percent must be 
added 3.5 per cent which will make a total of 63.50 per cent for this soil at the 
temperature of 67°F. If on the other hand this soil gave 67 per cent of colloids 
at the temperature of 57°F., from this amount must be subtracted 3.5 percent. 

The hydrometer was constructed to have a range between 0 and 60 gm. of dry 
material per liter of water and, therefore, can measure the colloidal content of a 
soil which may be as low as 1 per cent, taking a 50 gm. sample or 0.5 per cent 
taking a 100-gm. sample. It is graduated in 1 degree. This wide range of 
readings on the stem of the hydrometer was not needed in the colloidal de- 
termination but was placed on the hydrometer so that the latter could be 
used also in studying the rate of settling of soil particles, from which a dis- 
tribution curve could be worked out showing the sizes and amounts of the 
soil particles. As shown in another publication (3) the hydrometer method 
lends itself in a remarkable way to this type of study. The hydrometer can be 
made considerably more accurate and sensitive by reducing its scale. 

Many factors, such as flocculation, which might influence the rate of settling 
of soil particles on long standing are not effectively operative in short periods. 
Even those soils which have a tendency to flocculate are prevented from doing 
so by the addition of small amounts of KOH. 

With only 9 minutes required to disperse the soil and only 15 minutes 
needed to make a hydrometer reading, the colloidal content of soils can be 
determined very quickly. Considering that after the first soil is dispersed, 
the second soil can be dispersed while the hydrometer readings of the first 
soil are being made, the colloidal content of more than three soils can be de- 
termined in one hour with one hydrometer. 

Probably there are very few, if any, methods in soil physics work which 
are standardized so well as this method for determining the colloidal content of 


* The cylinders are handled by the Taylor Instrument Company, Rochester. N. Y., who 
are also handling the hydrometers, and cost about $1.50 apiece. 
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soils. The hydrometer, for instance, floats and is governed entirely by physical 
laws with no outside disturbing factor and no personal elem':nt entering into it. 
The soil is dispersed at a definite speed and at a defir‘'~> time by a me- 
chanical means. mG 

The method may appear arbitrary, but it is quite absolute because it is 
based upon the heat of wetting method which is quite absolute as far as it 
goes. Parker and Pate (5) made a comparison of the heat of wetting method 
with the water adsorption and base exchange method and found it to agree 
very well with these two methods and especially with the base exchange 
method. The procedure is arbitrary, but the results are absolate. Further- 
more, considering that colloids are fundamentally a question of size of par- 
ticles, and that the hydrometer method measures, in a final analysis, the size 
of particles, it seems to be the logical method for such a determination. 

By following the general procedure outlined above the results of any soil 
can be duplicated almost exactly any number of times, provided that the 
temperature is constant or correction is made for it and also provided that a 
representative sample of the soil is taken every time. 

Referring once more to the dispersing machine, there are two things that 
must be strictly guarded against: first, the cup must have the baffles or wires in 
it; and second, the paddle or button on the stirring rod tends to wear out on 
sandy soils; when it becomes flat, it must be replaced because in the flat con- 
dition it loses its stirring efficiency. With these two precautions, it can be 
said that this machine is most wonderful for dispersing soils for any purpose. 


EXPERIMENTAL DATA 


In table 1 are presented the data showing the relationship between the per- 
centage of colloids as obtained by the heat of wetting method, and the per- 
centage of the material staying in suspension in a liter of water at the end of 
15 minutes, based on the amount of soil sample taken. There were four differ- 
ent quantities of soil employed 25, 50, 75 and 100 gm. per liter of water plus 
the additional water required for saturating the soil, but in this table the results 
for only the last three quantities are shown. The soils employed or tested in- 
clude almost all the different classes coming from different localities and hori- 
zons. Many of these soils contain also various quantities of organic matter. 
These soils would certainly seem to represent an excellent array of diverse 
and representative types of soils for testing out the method. 

An examination of table 1 shows at once that the relationship between the 
percentage of the colloids as determined by the heat of wetting method and 
the percentage of the material staying in suspension in a liter of water at the 
end of 15 minutes is very close in the majority of the soils. In many of the 
soils it is a'most exactly the same, in a few it is not so close. Out of the 39 
soils sho. .. in the table, 3 show the widest disagreement. These are Strongs 
B, sandy loam, Minnesota Carrington silt loam, and California Yolo loam. 


TABLE 1 
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Relationship between the percentage of colloids as indicated bv the heat of wetting method and the 
percentage of material staying in suspension at the end of 15 minutes in a liter of water based 


onthe weight of sampletaken. Soils dipersed 9 minutes and results reduced to 67°F. 


PROPORTION OF COLLOIDS 


PROPOR- BY HYDROMETER METHOD 
TION OF 
SOILS COLLOIDS 

BY HEAT OF c a 
wernne’ | Stan. | 2.gm, | lean: 
per cent per cent | percent | percent 
Hillsdale sandy loam A.............e0ceeeceeeeeeee: 15.73 | 18.35 | 18.86 | 17.50 
PURSE URED ERIE BODEN UEDA 5 so, 0'c eo. nine 01> winnie biel iwi 18.70 | 19.00 | 19.25 | 18.60 
PRAY CRI MOREINISS 053 5.0 5oi0 co ov ae ss nok ce eeieeea oe 20.42 | 18.32 | 17.00 | 17.61 
ROUREMRPS IRRINIG BORNE TAS 5 2% 5 o <5 <0 015,065 e vine enemies ee os 5.18 | 8.30| 8.48] 8.74 
Stronps candy foam By. <.. .... 66. 2)00.:0060 022000000 s 23.12 | 14.23*) 13.85'| 14.10* 
Chippewa fine candy loam As................6.<662..5...04: 12.02 11.68 | 10.32 | 10.82 
ee ATA CR eee ees eer ee ere tae erie 20.21 | 23.32 | 22.01 | 23.80 
Pee MIU as cinesceeiienke oueseeusebasesxeneossig 27.65 | 27.00 | 28.30 | 28.47 
SRKMOMINME eS eSLEA uta ayesnasubeie@ sacks ese 20.58 | 18.08 | 19.12 | 18.22 
ean O IRENE Oooo CE ence cee Cres e sae ae 11.66 | 11.69 | 12.18 | 13.07 
MY MONIES 522. 5ba0.ibes Ski< oes echo eikn Sees 21.03 | 20.65 | 20.08 | 19.65 
COS I, GE ee ee eer en 28.44 | 29.52 | 27.83 | 28.70 
RATE REM Son i ul hata epee weet soos 22.49 | 24.22 | 24.02 | 25.10 
See ESA, eee eee eee 25.61 | 28.46 | 27.30 | 28.15 
SAREE NINES 202... ind aieecinn wae eens bacee eel 21.01 | 24.87 | 25.10 | 26.00 
RNP EMMONS 6 o726.c7 ches os caeenn eee eee es 35.51 | 39.98 | 40.38 | 40.83 
Napanee silt loam By................00e-ceeeeeeeees 41.09 | 48.10 | 47.60 | 46.90 
IRENE BUCMORIING 65 5 ons n'9 00.uini dwewae wsweie'es 50.76 | 53.08 | 52.10 | 51.65 
SPRINT ERIE OME ING 5 5 o.oo 25 s0:0 evince wwe 60.65 | 62.57 | 62.00 | 61.54 
eee eh Le oe, a a a 60.30 | 63.82 | 62.90 | 62.08 
Ontomamon eit FOAM Ny. 5. 5 oiccy0. seen ss casuesendes 71.30 | 73.06 | 72.80 | 71.80 
PNG EER OE I asec sin ssw sce ww ose swiss 24.50 | 29.88 | 26.10 | 25.70 
ola pi citiarssedios- ykekwadycunee® 31.20 | 36.42 | 36.12 | 37.10 
ERNE TD 55525. 6 ost ween d SuORe wa eee oe eee 31.41 | 34.62 | 33.74 | 34.51 
PAE ROM 8 5 isons axidvn ov oe os sesso se 39.04 | 44.60 | 44.18 | 43.10 
CORED MES CCS Lo ey sais ta aniins haben sewed 34.52 | 37.20 | 36.80 | 36.30 
a ee re 48.51 | 38 .00*| 38.62*| 37.40* 
California yolo clay loam.............2.-0eseeeeees 59.54 | 53.94 | 54.10 | 53.65 
SOMONE NOMAD co ois ob bre owns sa wisinies wie oieee Sows 58.34 | 56.80 | 56.03 | 55.94 
Miranesota Diars0n St VOAM «26... 2.6603 ove ss cic ce ecie's 45.40 | 36.95 | 37.18 | 37.62 
Minnesota Carrington silt loam...................-. 50.62 38.12*| 37.85*| 37 .02* 
MAINO RD RERIEOR MMII 555515 ols la 55 a te'a' a5 v.04 oie ie w 9 Sloe sles 49.40 | 51.69 | 51.03 | 50.90 
GRMEEIB MIRA 5c eso esG bess se ccievcumomss en's 93.20 | 86.20 | 87.19 | 86.65 
Brookston clay loam A..............cceeeeeeeceeees 33.40 | 32.72 | 33.80 | 32.92 
SRC AADEE SUN WEIN NE 5 656-06 65 sia <n 0 9 e900 Sas e's 36.10 | 38.90 | 39.10 | 38.60 
SPR ONY WOMEUS = 5 oy 3 3.5.5; 00:0. sic n.o ss ow3s Seow 38.62 | 39.00 | 38.40 | 38.10 
SSP CRON MOMMIN ED 55.5 0 vis 'v:5.9\0 ews '0 0 a niee'sis'su Se 52.06 | 48.85 | 47.72 | 48.08 
SRA MOREE ANY BODE ID o.0icic sve 9:0 0's ele 52 cine 8's wins vi 58.03 | 60.70 | 60.10 | 59.55 
RE EMT MORN Sono c ricco cessed en peas cuuere 34.00 | 30.01 | 30.90 | 30.60 


* Not dispersed in 9 minutes. 
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The Strongs sandy loam was reddish brown and seemed to contain organic 
matter mixed with iron, which was hard to disperse in 9 minutes. The Min- 
nesota Carrington silt loam contained considerable organic matter probably 
not in a thoroughly decomposed state and would not disperse in 9 minutes, 
but did in about 30 minutes. Other soils containing as large as, or larger 
organic matter than, the Carrington silt loam, such as the Illinois clay loam, 
Iowa Bremer clay, Michigan Brookston clay loam, and others, were easily 
dispersed in 9 minutes and as will be seen, gave a very good relationship. 
The California Yolo loam does not give such a big disagreement, but it does 
not give so close agreement as the other two soils of its series, Yolo clay loam 
and Yolo clay. No possible explanation can be suggested for this disagreement 
unless this soil contained some colloidal material which was not completely 
dispersed in 9 minutes. 

The disagreement in the three soils mentioned above, although not very 
great, probably serves the purpose of indicating that there may be exceptional 
and abnormal soils which may not follow the relationship very closely. Ex- 
cepting these unusual cases, however, the relationship is remarkably close 
considering the diversity of the soils, and the difficulty of taking absolute rep- 
resentative samples of soils for both sets of experiments. The hydrometer 
method would seem to be justified, therefore, in being adopted to determine 
the colloidal content of soils in 15 minutes as compared to one week, which is 
required by our present methods. It might be added here also that the agree- 
ment in the results between the heat of wetting and hydrometer methods 
is a great deal closer than the agreement in the results between the dye, 
water vapor, and ammonia methods as obtained by Gile et al. (4). 

It is of the greatest significance to note that whether 50, 75, or 100 gm. of 
soil was employed, the percentage of colloids is the same in the different quan- 
tities and agrees with the percentage of colloids as determined by the heat of 
wetting method. This fact is very important, for it goes to show that the 
principle of the hydrometer method is basic and sound, and that the relation- 
ship between the two methods is fundamental and not accidental. 

A very interesting thing revealed by the foregoing results is the fact that 
even soils with considerable amounts of calcium carbonate give a very good 
relationship. Calcareous clay and most of the soils from the C horizon contain 
considerable amounts of calcium carbonate and yet they show close relation- 
ship. 

Since the hydrometer when floating follows entirely fundamental physical 
laws and is not disturbed by outside factors, the amount of material it indicates 
in a liter of water at the end of 15 minutes or at any length of time for the 
different soils, must be of the same average size of particles in the different 
soils. In other words, when two soils show different amounts of material in 
suspension in a liter of water at the end of a given time, this suspended material 
must be of the same average size of particles in both soils. Here then, is an- 
other quick way of determining the amount of material of the same average 
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size of particles in the different soils. It must be remembered that every- 
thing being equal, the rate at which soil particles settle, is governed mainly 
by their size. 

Since the hydrometer method gives absolutely comparable results for the 
different soils, and since these results show such a remarkably close relation- 
ship with those obtained by the heat of wetting method, it goes to prove that 
the heat of wetting method has been a correct method for determining the 
colloidal content of soils. The hydrometer method apparently tends to meas- 
ure the same thing as the heat of wetting method. 

Following the above facts and reasoning further, it would seem reasonable 
to expect that if there were no experimental error in the heat of wetting method 
and if the soils were all completely dispersed in the hydrometer method, the 
results of the two methods would be still closer than they are. 

The hydrometer method lends itself to determining the colloidal content 
of a soil in any condition of moisture, that is, whether the soil is oven-dry, or 
moist. If there has been a belief, therefore, that drying the soils affects their 
colloidal content, it can be easily tested out by this method. Preliminary 
studies with this method indicate, however, that a dried soil gives practically 
the same colloidal content as before drying. This statement, however, may 
not apply to all the organic soils. 

Although all the different quantities of soil in the same quantity of water 
that have been employed, showed the same percentage of material in sus- 
pension at the end of 15 minutes, 50 gm. is probably preferable, except in 
soils which have a very low colloidal content, where 100 gm. is preferable. 

In view of the remarkably consistent closeness of the relationship in many 
diverse types of soils between the percentage of colloids as shown by the heat 
of wetting and the percentage of the material staying in suspension at the end 
of 15 minutes in a liter of water, and in view of the fundamental basis governing 
this relationship, it would seem only logical to employ this relationship as a 
factor for determining very rapidly the colloidal content of soils. 

Finally, by referring once more to the foregoing experimental results, it will 
be seen readily that the colloidal content of soils is infinitely higher than for- 
merly was thought. This is, however, a new concept that is being forced upon 
us by the newer methods of studying colloids. These new methods are the 
water adsorption (4), base exchange (5), heat of wetting (2), and the hy- 
drometer method. All these methods seem to agree pretty well in indicating 
this high colloidal content of soils. 

If this high colloidal content is correct, it means that our present textural 
classification of soils is wrong and has to be changed radically to conform to 
these new concepts. Investigations looking toward a textural reclassification 
of soils are being conducted at this laboratory. 
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SUMMARY 


The hydrometer method is presented as a new and very rapid method of 
estimating the colloidal content of soils. 

By means of this method the colloidal content of a soil can be determined in 
15 minutes. The colloidal content of three soils can be determined in less than 
one hour. 

This is accomplished by the aid of a factor which has been discovered to 
exist between the colloidal content of a soil as determined by the heat of wet- 
ting and the percentage of the material staying in suspension in a liter of water 
at the end of 15 minutes. In other words, the percentage of the material stay- 
ing in a suspension at the end of 15 minutes, as indicated by the hydrometer 
method, is equal to the percentage of colloids as determined by the heat of 
wetting method. There seems to be a fundamental basis for this relationship, 
as it has been found to hold remarkably close in all classes and types of soils, 
with very few exceptions which are due to rather undecomposed organic mat- 
ter, or organic matter very difficult to disperse. 

The soils are dispersed by a stirrer driven by a very fast motor and are con- 
tained in a specially constructed cup. The length of dispersion is 9 minutes 
except in a few special cases. To each soil sample is added 5 cc. of VW KOH to 
stabilize the soil particle or colloids, as some of the soils have a tendency to 
flocculate. The hydrometer when floating is governed entirely by absolute 
physical laws. That being the case, the results it gives for the different soils 
must be absolutely comparable. This means then that the amount of soil 
material staying in suspension at any given time in a liter of water must be of 
the same average size of particles for the different soils since, everything being 
equal, the rate at which soil particles settle, is governed by their size. 

Since the hydrometer method gives absolutely comparable results for the 
different soils and since these results show a very close relationship with the 
results of the heat of wetting method it means then that the heat of wetting 
method has been a correct method for determining the colloidal content of 
soils. Evidently both methods tend to measure the same thing 

By following the directions closely for executing the determination, the re- 
sults of any soil can be duplicated almost exactly any number of times. 

A new and special hydrometer has been constructed for measuring the 
density of the soil suspensions, which is very accurate and sensitive and gives 
grams of dry material per liter of water directly. 

It is believed that this hydrometer method can be employed now with con- 
fidence and assurance for determining the colloidal content of soils and such 
determination seems to be accurate, except in a very few special cases. 

Since the colloidal content of soils, as indicated by the hydrometer method, 
as well as by the heat of wetting, water adsorption, and base exchange methods 
is infinitely higher than used to be believed, a new and radical textural re- 
classification of soils is needed. 


GEORGE JOHN BOUYOUCOS 
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BOOK REVIEW! 


Données Numériques de Cristallographie et de Minéralogie. By M. L. SPENCER. 
Section D of Tables Annuelles de Constantes et Données Numériques de 
Chimie, de Physique et de Technologie. Edited by Ch. Marie. Vol. 
V—Years 1917 to 1922, inclusive: Part 1, pp. i-xl, 1-804 (1925); Part 2, 
pp. i-lii, 805-1934 (1926). Gauthier-Villars & Cie, Paris; The Cambridge 
University Press, Cambridge; University of Chicago Press, Chicago, 
1925. Price, cloth, $25.00, paper $22.00. 

Section D, Crystallography and Mineralogy (pages 1285-1403) comprises 
six subdivisions (in French), as follows: I. Crystallography of Minerals, 
II. New Crystalline Form of Minerals, III. Crystallography of Inorganic 
Compounds, IV. Crystallography of Organic Compounds, V. Structure of 
Crystals from X-ray Data, and V1. Miscellaneous Data. (Elements in earth’s 
crust, specific heats of various minerals, hardness of minerals and rocks, and so 
forth.) 

Volume V of the Annual Tables, of which Section D is a part, contains data 
accumulated during the years 1917 to 1922 inclusive. The publication of a 
volume each year was interrupted by the World War and the inclusion of six 
year’s data in one volume has been necessitated by the afterwar conditions in 
many countries. 

These Tables are not intended to take the place of, or compete with, the 
International Critical Tables. They are planned to make available an annual 
non-critical summary of the material obtained during a current year, it being 
the function of the Critical Tables to present the data after a critical 
examination. 

The present volume is in seven sections. It may be purchased in sections or 
as the complete volume. 


1This review was prepared by Prof. Walter C. Russell, of the New Jersey Agricultural 
Experiment Station. 


